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NUCLEAR  DISINTEGRATION  STUDIES  WITH  A 
BETA-RAY  SPECTROMETER^ 

by 

Wllllarn,  W.  Pratt 

I .  ABSTRACT 


The  use  of  a  beta-ray  spectrometer,  in  the  analysis  of. 
nuclear  decay  schemes,  m.alces  possible  the  solution  of  many 
of  the  problems  which  arise  in  the  course  of  such  analyses. 

Of  particular  Interest  Is  the  application  of  the  Instrument 
to  the  determination  of  the  energy  of  beta-  and  gamm.a-radla- 
tlon  from,  radioactive  Isotopes.  In  addition.  It  Is  possible 
to  use  the  instrument  to  estimate  the  relative  Intensities 
of  the  various  com.po.nents  of  radiation;  and  to  apply  the 
coincidence  .method,  in  conjunction  with  the  spectrometer, 
to  the  determ.inatlon  of  the  order  in  which  these  components 
are  emitted  from,  the  nucleus. 

The  present  work  was  concerned  with  three  particular 
problems  arising  In  beta-ray  spectrometry. 

A  method  of  Improving  the  intensity-resolution  rela¬ 
tionship  of  a  thin  lens  magnetic  beta-ray  spectrometer, 
by  means  of  ring  focusing,  was  investigated.  The  existence 
of  a  ring-  shaped  constriction  in  the  electron  beam,  was 
demonstrated  experimentally  by  a  photographic  film,  method. 
Making  use  of  the  photographic  mapping  of  the  beam.,  an 
annular  baffle  was  designed.  Optimum  relations  between 
annular  width,  solid  angle  and  counter^  window  dlam.eter 
were  Investigated.  A  comparison  of  this  type  of  baffle  system, 
with  the  original  baffle  system,  showed  that  at  2.5  per  cent 
resolution  the  spectrometer  transmission  m.ay  be  increased 
by  a  factor  of  two  by  the  use  of  an  annular  aperture  in 
the  region  of  beam,  constriction. 


^Doctoral  thesis  number  IO99,  submitted  August  18,  1950. 
Work  done  under  the  direction  of  L.  J.  Laslett. 
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A  theoretical  analysis  was  carried  out  In  an  attempt 
to  determine  relations  from,  which  the  relative  Intensities 
of  beta-rays j  gamma-rays  and.  Internal  conversion  electrons 
might  be  determ.lned  from,  data  obtained  with  the  spectrom¬ 
eter.  Simplifying  assumptions  were  made  concerning  the 
focusing  action  of  the  Instrument,  and  effects  due  to  scat¬ 
tering  of  electrons  In  the  source  of  photoelectric  radiator 
were  neglected.  Form.ulae  were  derived  from,  which  the 
observed  spectrom.eter  coiuitlng  rates  due  to  sources  of 
known  activity,  emitting  tieta-rays,  gamma-rays  or  Internal 
conversion  electrons  may  be  predicted. 

The  results  may  be  expressed  In  terms  of  a  quantity 
defined  as  the  spectrometer  efficiency  eg.  If  Internal 
conversion  electrons  are  being  counted,  eg  Is  defined  as 
the  ratio  of  spectrometer  counting  rate  at  the  peak  of  the, 
spectral  line  to  the  rate  of  emission  of  internal  conver¬ 
sion  electrons  by  the  source.  If  beta-rays  are  being 
counted,  eg  Is  defined  as  the  ratio  of  spectrometer  count¬ 
ing  rate  at  any  arbitrary  value  of  the  focusing  current  to 
the  rate  of  emission  of  beta-rays  by  the  source.  The  effi¬ 
ciency  In  this  case  will  thus  be  a  function  of  the  focusing 
current.  If  gamma-rays  are  being  counted  by  the  detection 
of  photoelectrons  emitted  from,  a  radiating  foil,  eg  Is 
defined,  as  the  ratio  of  spectrometer  counting  rate  at  the 
peak  of  the  spectral  line  to  the  rate  of  emission  by  the 
source  of  the  gamm.a-quanta  concerned. 


The  results  for  these  three  cases  are: 

eg  (internal  conversion  electrons)  =  e^Sicc) , 
eg  (beta-rays)  =  e^  h  p^  n(pQ)  /  N, 
eg  (gamma-rays)  =  S{CC)  ^  X. 

The  notation  used  is  as  follows:  The  quantity  e  Is 
the  efficiency  of  the  spectrometer  for  counting  mono- 
energetic  electrons  and  Is  thus  the  product  of  the  fractional 
solid  angle  collected  and  of  the  Intrinsic  efficiency  of 
the  spectrometer  counter.  S(a.)  is  a  function  of  the  para¬ 
meter  CL  given  by 

S((t)  =  (1  -  <3(/2)for  a<  1  ; 

S(C()  ::  1/^  a)  for  ^  >  1  . 
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The  parameter  0(  Is  the  ratio  of  the  momentum,  loss  of  an 
electron  of  m.om.ent\m:i.  Po  In  traversing  the  source  of  photo¬ 
electric  radiator  to  the  base  of  the  spectrora.eter  trajism.ls- 
slon  curve,  where  Po^  the  focused  momentum..  Is  the  momentum, 
of  the  electrons  selected,  by  the  spectrometer  baffle  system.. 
The  quantity  h  Is  the  fractional  half -width  ((f  p/Pq)  of  the 
transmission  curve.  The  function  n(po)  Is  the  rate  of  emis¬ 
sion  of  beta-particles  per  unit  momentum.  Interval,  and  N 
Is  the  total  rate  of  emission  of  beta-particles  by  the 
source.  The  factor  Y  Is  the  photoelectric  absorption 
coefficient  of  the  radiator  for  the  orbital  shell  concerned, 
and  X  Is  the  thickness  of  the  photoelectron  radiator. 

Due  to  the  assumptions  made,  the  accuracy  of  these  for¬ 
mulae  Is  such  that  they  furnish  an  estimate  only.  It  Is 
suggested,  however,  that  they  may  be  treated  as  sem.1- 
emplrlcal  relations  by  means  of  which  data  may  be  reliably 
Interpolated. 

The  application  of  the  spectrometer  to  the  methods  of 
coincidence  counting  has  been  considered.  Statistical  con¬ 
siderations  .m.ay  be  used  to  predict  the  limitations  of  the 
spectrometer  with  respect  to  the  types  of  coincidence 
measurements  which  may  be  carried,  out  successfully.  The 
methods  of  coincidence  spectrometry  were  applied  to  an 
analysis  of  the  decay  scheme  of  Hf^°l.  Both  electron- 
electron  and  gamma -electron  coincidences  were  Investigated. 
The  efficiency  of  the  gamma -counter  used,  was  determined  by 
coincidence  methods,  using  the  known  decay  schemes  of  Co°0 
and  ThB.' 

The  result  of  the  measurements  Indicated  delayed 
coincidences  between  the  beta  particles  and  the  gamma-ray 
transitions  of  13O  Kev  and.  471  Kev  energy.*  They  also 
Indicated  non-delayed  coincidences  between  the  13O  Kev  o-, 
and  471  Kev  gamma-ray  transitions.  The  part  of  the  Hf^°^ 
decay  scheme  Involving  these  transitions,  proposed  by  Chu 
and  Wledenbeck,*  Is  thus  confirmed  by  these  measurements. 

The  results  do  not  serve  to  distinguish  between  the  com¬ 
plete  decay  scheme  of  Chu  and  Wledenbeck  and  ^^.edifications 
such  as  that  proposed  by  Deutsch  and,  Hedgran 


^OT*Chu,  K,  Y.  and  Wledenbeck,  M.  L.  The  Rpdlations  from, 
Hfioi^  Physical  Review.  75:226-231.  1949. 

**  T 

Deutsch,  M.  and  Hedgran,  A.  Radioactivity  of  Hf  , 
Physical  Review.  79:400-401.  1950. 
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II .  INTRODUCTION 


The  use  of  the  beta-ray  spectrometer j  in  the  analysis 
of  nuclear  decay  schemes,  has  been  discussed  by  several 
authors  (1-3).  The  primary  use  of  the  Instrument  consists 
in  the  determination  of  energies  of  beta-rays.  Internal  con¬ 
version  electrons,  and  of  gamma -radiation  through  the  analysis 
of  the  secondary  electrons  produced  in  a  radiating  foil.  In 
addition  to  the  determination  of  energy,  which  is  discussed 
in  detail  in  references  1-3^  it  Is  possible  to  estimate  the 
relative  intensities  of  the  various  types  of  radiation  studied. 
A  further  extension  of  the  application  of  the  spectrometer 
consists  in  the  introduction  of  a  secondary  detector  of 
radiation,  and  of  the  measurement  of  coincidences  between  the 
electrons  selected  by  the  spectrometer  and  the  radiations 
detected,  by  the  secondary  detector.  The  three  types  of 
measurement  mentioned  above,  if  carried  out  with  sufficient 
precision,  permit  the  decay  scheme  of  the  radioactive  Isotope 
under  consideration  to  be  determined.  The  work  reported 
here  will  be  concerned  with  three  particular  features  of 
the  application  of  the  spectrometer  to  the  determination  of 
nuclear  decay  schemes.  The  instrument  described  in  this 
work  is  a  magnetic  focusing  spectrometer  of  the  thin  lens 
type.  Its  construction  features  have  been  described  in 
detail  by  Jensen  (3) .  In  section  IV  a  method  of  improving 
the  performance  of  the  instrument,  through  the  use  of  a  new 
type  of  baffle  system.,  will  be  described.  In  section  V  the 
possibilities  and  llm.ltatlons  of  the  d.eterm.lnatlon  of 
relative  intensities  will  be  considered.  In  section  VI 
the  application  of  the  spectrometer  to  the  method  of  coinci¬ 
dence  counting  will  be  described. 


III.  REVIEW  OP  THE  LITERATURE 


The  principles  involved  in  the  use  of  the  magnetic  lens 
spectrom.eter  for  the  d.eterm.lnation  of  electron  energies  have 
been  discussed  in  detail  in  references  1-3.  It  is  shown  in 
these  references  that,  through  the  use  of  an  appropriate 
baffle  system.,  and  a  suitable  magnetic  field,  electrons  with 
m.o.ra.enta  in  a  small  range  of  the  order  of  1-2^  may  be  selected, 
and  "focused'*  on  the  aperture  of  a  Geiger  counter,  or  other 
suitable  detector.  Electrons  of  other  momenta  are  caused 
to  strike  one  of  the  baffles,  and  are  thus  prevented  from, 
reaching  the  counter.  Both  Slegbahn  (l)  and  Deutsch, 

Elliott  and  Evans  (2)  have  considered,  the  relation  between 
resolution  of  the  instrument  and  transmitted  electron 
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intensity.  Jensen  (3)  has  considered  the  effect  of  the 
m.oment\im.  loss  in  the  source  on  the  determination  of  the 
electron  energy  from,  the  observed  focusing  current.  Deutsch, 
Elliott  and  Evans  (2)  have  proposed  a  semi-empirical  method 
for  the  determination  of  the  relative  Intensities  of  gamma- 
rays  . 

The  existence  of  ring  focusing  (section  IV)  In  spectrom¬ 
eters  of  the  solenoid  type  was  first  proposed,  by  Witcher  (4) . 
Recently  it  was  suggested,  by  Frankel  (5)  that  this  type  of 
focusing  m.ay  also  exist  in  spectrometers  of  the  thin  lens 
type.  This  problem,  has  been  considered,  theoretically  by 
Keller,  Koenlgsberg  and.  Paskin  (6,7)  •  They  predicted  an 
increase  by  a  factor  of  two  in  intensity,  for  a  given  resolu¬ 
tion,  through  the  use  of  ring  focusing.  Verster  (8)  has 
considered  the  sam.e  problem,  both  theoretically  and  experimental¬ 
ly,  and  has  arrived,  at  sim.llar  conclusions. 

The  application  of  coincidence  counting  in  the  analysis 
of  nuclear  decay  schemes  has  been  treated  in  a  general  way 
by  Mitchell  (9),  who  has  considered,  in  particular  the  use 
of  absorbers  to  d.lscrlm.lnate  against  electrons  and  quanta 
of  different  energies.  Dunworth  (lO)  has  considered  a  pos¬ 
sible  approach  to  the  statistical  problems  Involved  in  con¬ 
ducting  a  coincidence  experiment.  Roberts  and,  others  ( 11-16) 
have  described  coincidence  experiments  in  the  study  of  several 
particular  decay  schemes,  and  have  Indicated  how  it  is 
possible  to  determine  counter  efficiencies  experim.e.ntally  jn 
the  process  of  m.aking  such  studies.  Coincidence  measure¬ 
ments  in  the  spectrometer  are  discussed,  by  Norllng  (1?)^  and 
by  Siegbahn  and.  Johansson  (l8).  Norllng  (17)  has  treated,  in 
considerable  detail  the  problem.s  of  counting  losses  due  to 
dead  time  of  counters  and  associated,  circuits,  of  m.ethods 
of  testing  counters  and.  circuits,  and  of  the  theoretical 
determ.lnatlon  of  the  efficiencies  of  gamma  -  c  ount  er  s .  Siegbah.n 
and  Johansson  (l8)  have  determined  several  decay  schemes  by  ■ 
the  method  of  coincidence  spectrometry.  Recently  Feather, 

Kyles  and  Pringle  (19)  have  indicated  how  it  is  possible  to 
use  a  spectrometer  which  will  simultaneously  select  electrons 
in  two  energy  groups.  It  is  possible,  by  counting  coincidences 
between  these  two  groups,  to  determine  with  certainty  which 
radiations  occur  in  cascade  transitions. 

Further  work  by  other  authors  will  be  cited  in  the  body 
of  this  report. 


\ 
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IV.  RING  FOCUSING 

A.  Introduction 


The  existence  of  ring  focusing  In  spectrometers  of  the 
magnetic  lens  type  has  been  discussed  by  various  authors 
(4-8,  20-23).  In  all  cases  so  far  investigated.  It  appears 
that  a  ring-shaped,  constriction  exists  In  the  electron  beam 
In  a  plane  between  the  source  and.  counter.  Thus  it  is  found, 
that  by  designing  a  baffle  system,  such  that  a  narrow  annular 
aperture  Is  presented,  to  the  beam.  In  the  region  of  constric¬ 
tion,  an  Improvement  In  focusing  characteristics  may  be 
obtained  over  the  so-called,  axial  focusing  case  in  which  a 
counter  window  on  the  axis  Is  used  as  the  discriminating 
aperture.  It  was  the  purpose  of  this  Investigation  to 
determine  experimentally  the  position  of  the  constriction 
In  the  beam.  and.  to  determ.lne  the  Improvement  in  focusing 
obtained  by  the  use  of  an  annular  aperture  at  this  position. 


B.  Location  of  Ring  Focusing 


The  instrument  used,  in  this  investigation  (reference  3) 
has  a  25  cm.  focal  length;  and  the  distance  between  the  s.ource 
and  its  image  on  the  axis  is  100  cm.;  so  that  the  coll  Is  m.id- 
way  between  the  source  and  its  image.  The  half-width  of  the 
magnetic  field  Is  13-6  cm,.  The  baffle  system,  originally 
used,  for  axial  focusing  is  shown  in  Fig.  1.  The  baffles 
A  and  B  select  electrons  emitted  from,  the  source  In  a  solid 
angle  -^,  and  these  electrons  are  focused  on  the  counter  by 
the  magnetic  field.  The  counter  window  d.lam.eter  Is  made 
equal  to  the  diameter  of  the  electron  beam..  To  observe  the 
existence  of  ring  focusing,  photographic  films  were  placed. 

In  the  spectrometer  In  a.  plane  perpendicular  to  the  axis, 
as  shown  by  the  dotted,  line  C  in  Fig.  1.  The  baffle  A  was 
removed,  and.  reinserted  at  the  source  end  of  the  spectrometer, 
as  shown  by  the  dotted  lines  A ' .  The  baffle  D,  which  does 
not  come  in  contact  with  the  focused,  electron  beam,  but 
Is  for  the  purpose  of  eliminating  scattering,  was  removed. 

The  electron  beam.,  defined,  by  the  trajectories  a  and  b,  was 
then  limited  by  the  baffles  A’  and.  B.  A  thin  source  of 
Csl37  was  inserted,  at  the  source  end.  of  the  spectrometer, 
and.  the  coil  current  necessary  to  focus  the  K  internal  con¬ 
version  line  of  the  0.66  Mev  gamma -ray  on  an  0.82  cm. 
diameter  counter  aperture  was  determined.  The  film.  C  was 
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then  placed  In  position  and  exposed  for  19  hours,  with  the 
above  determined,  current  through  the  coll.  Exposures 
were  m.ade  with  films  at  various  distances  Zp  from,  the 
counter  plane.  It  was  found  that  with  Z2  -“20  cm.  a  ring 
Image,  corresponding  to  the  focused  K  line,  was  obtained 
which  was  narrower  than  the  Images  for  Z2  greater  or  less 
than  20  cm,.  It  Is  estimated  that  the  position  Z2  corres¬ 
ponding^  to  the  narrowest  ring  can  be  found  by  this  method 
to  within  t  2  cm,.  The  ring  obtained  at  20  cm.  Is  shown 
In  Fig.  2,  which,  also  shows  a  ring  of  larger  diameter 
corresponding  to  the  higher  energy  L  line.  The  Inner  and 
outer  dlam.eters  of  the  K  ring  are  5.2  cm.  and  6.1  cm. 
respectively.  In  this  experira.ent  Zi  (Fig.  l)  was  taken 
as  30.27  cm.,  which  was  estimated  to  cori’espond  to  the  same 
solid,  angle  as  had  been  used  In  most  of  the  previous  work 
with  axial  focusing. 


C.  Baffle  Design 


After  thus  locating  the  position,  ra,san  diameter,  and 
width  of  the  narrowest  part  of  the  focused  electron  beam.,  a 
baf.fle  system,  was  constructed  to  make  use  o.f  this  constric¬ 
tion  In  the  beam..  The  baffle  system  used  for  ring  focusing 
Is  shown  In  Fig,  3.  The  fixed  baffle  C  has  a  central 
circular  aperture  of  mean  diameter  6.10  cm..  The  plane  of 
the  ce.nter  of  this  baffle  Is  placed  20  c.n').  from,  the  plane  of 
the  counter  window.  The  movable  baffle  C  also  has  a  mean 
d.lam.eter  of  6,10  cm.,  and  is  attached  to  an  0.25  Inch  rod, 
extending  through  the  end  of  the  spectrometer  tube,  by  means 
of  which  the  baffle  may  be  adjusted,  axially  along  the  tube. 
Sl.m.llarly,  baffle  A'  may  be  adjusted  axially  along  the  tube 
to  limit  the  electron  solid  angle. 

With  this  system  of  baffles  it  Is  possible  to  vary  the 
location  of  A’  and.  C  as  well  as  the  counter  v/lndow  diameter, 
and  In  this  way  to  vary  the  resolution  of  the  instrument,  and 
slm.ulta.neously  the  accepted  solid  angle.  It  Is  of  course 
desirable  to  determine  the  optlm.um.  relation  between  the 
variable  parameters,  so  that  for  a  given  resolution  the 
largest  possible  solid  angle  may  be  obtained.  This  was 
done  In  the  work  described,  here  by  determining  a  large  number 
of  line  shape  curves  with  the  spectrometer,  corresponding 
to  various  co,ra.blnations  of  the  three  variable  parameters. 

Before  considering  the  results  of  these  measurements. 

It  will  be  of  Interest  to  consider  two  problems  concerning 
the  design  and  Insertion  of  the  ring  baffles  C  and  C ' . 
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Fig.  ^--Photographic  image  of  electron  beam  from  08^37  source 
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Fig.  3 --Spectrometer  taffle  system  for  ring  focusing. 
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The  orbit  calculations  made  by  the  theoretical  group  In  this 
laboratory  (7)j  which  were  completed  before  this  baffle  was 
designed.,  showed  that  In  the  plane  of  constriction  of  the 
beam,  the  trajectory  with  the  largest  dlara.eter  corresponds 
to  a  particular  angle  of  emergence  of  the  electrons  from, 
the  source  with  respect  to  the  spectrom.eter  axis.  This 
angle  Is  found  to  be  approximately  8.5°.  Since,  In  making 
the  photographic  record  of  the  trajectories,  the  angles 
selected  by  the  baffles  A'  and  B  were  7°  and  10°  respectively, 
this  trajectory  of  greatest  ring  diameter  was  Included.  In 
the  photographic  Image.  Thus  the  baffle  C',  with  a  diameter 
equal  to  the  outer  diameter  of  the  photographic  ring  Image, 
will  not  cut  out  part  of  the  beam,  regardless  of  the  setting 
of  the  solid  angle  baffle  A'.  It  will,  in  fact,  coincide 
with  the  outer  edge  of  the  beam,  whenever  baffle  A '  sub¬ 
tends  an  angle  at  the  source  less  than  8.5°. 

Due  to  the  small  width  of  the  electron  beam.  In  the 
region  of  constriction,  and  the  consequently  narrow  annulus 
used  between  baffles  C  and  C',  It  will  be  recognized  that 
the  alignment  of  C  and.  C '  with  respect  to  the  spectrometer 
axis  Is  critical.  If  these  baffles  are  not  located,  central¬ 
ly  with  respect  to  the  spectrometer  axis,  then  mono-energetic 
electrons,  emitted  at  different  azimuthal  angles,  will 
require  different  focusing  currents.  This  will  result  In 
an  Increase  In  the  half -width  of  the  spectral  line.  In  order 
to  align  these  baffles  properly  they  were  constructed  on  a 
comm.on  assembly  which  could,  be  inserted,  into  the  spectrom¬ 
eter  as  a  single  unit.  After  Inserting  this  unit,  four  line 
shape  curves  were  obtained,  using  the  photoelectron  line 
from  K  conversion  In  lead,  due  to  the  1.3  Mev  gamma-ray  of 
Co°°.  For  each  line  shape  curve,  electrons  entering  only 
one  quadrant  of  the  focusing  region  were  used;  the  other 
three  quadrants  were  masked,  out  by  the  use  of  a  sector 
baffle  Inserted  for  this  particular  experiment.  This  baffle 
was  made  of  a  disc  of  1.27  cm.  mlcarta  with  one  quadrant 
cut  out,  and  was  Inserted  In  a  plane  perpendicular  to  the 
spectrom.eter  axis  at  a  distance  of  12.8  cm,  from,  the  source. 

A  failure  to  align  the  ring  baffles  C  and  C '  in  the  center 
of  the  spectro.m.eter  will  cause  the  spectral  lines  obtained, 
with  different  axlm.uthal  orientations  of  the  sector  baffle 
to  occur  at  different  values  of  coll  current.  The  magnitude 
of  this  effect  may  be  estimated  by  the  use  of  the  thin  lens 
form.ula.  (reference  2)  .  The  result  Is 

6l  -  be 


I 


a(2f-b) 


14 


where  8l/l  is  the  fractional  shift  in  the  peak  with  opposite 
sectors  open,  a  is  the  mean  diameter  of  the  ring  baffles,  b 
is  the  distance  from,  the  ring  baffles  to  the  counter  position, 
f  is  the  focal  length  of  the  magnetic  lens,  and  e  is  the 
amount  by  which  the  center  of  the  ring  baffle  is  displaced 
from,  the  spectrometer  axis.  In  the  present  case,  b  =  20  cm., 
a  =  6.1  cm.  and  f  =  25  cm..  Thus 

e  =  9.15  fil/l  cm.  . 

The  limit  of  detection  of  6l/l  is  of  the  order  of  0.2^,  so 
that  values  of  e  of  0.2  mm.  m.ay  be  detected.  The  widening 
of  the  half -width  h  of  the  spectral  line,  due  to  baffle 
misalignment,  is  estim.ated.  to  be  6h  =  l/2  5l/l.  In  the 

present  case,  with  ^l/l  =  0.2^,  this  results  in  6h  =  0;1^. 

Pig.  4  shows  peaks  obtained  before  and  after  radial  align- 
m.ent  of  the  ring  baffle.  It  is  seen  that  the  relative  dis¬ 
placement  of  the  peaks  has  been  reduced  to  about  0.2^  and 
thus  it  is  estimated  that  the  contribution  to  the  half -width 
of  the  spectral  line  is  of  the  order  of  0.1^. 


D.  Experimental  Results 


When  the  ring  baffles  had  been  adjusted  with  their  centers 
on  the  spectrometer  axis,  50  line  shape  curves  were  determ.ined, 
using  the  monoenergetic  electrons  from,  the  internal  conver¬ 
sion  P  line  of  ThB.  These  curves  correspond  to  different  : 
settings  of  the  three  parameters;  baffle  A'  position,  baffle 
C  position  and  counter  aperture  diameter  W.  A  source  diam¬ 
eter  of  0.5  cm.  was  used  throughout.  It  will  be  of  m.ore 
direct  interest  to  express  the  position  of  baffle  A'  in 
term.s  of  the  solid  angle  -H.  subtended  by  the  limiting  orbits 
a  and  b  (Plg.  l),  as  determined  by  the  calculations  (reference 
7).  It  will  also  be  desirable  to  express  the  position  of 
baffle  C  in  terms  of  an  effective  ring  width  R,  defined  by 
R  =  S(Z-20) .  The  mean  slope  S  of  the  trajectories  in  the 
vicinity  of  the  ring  baffles  has  been  determined  by  the 
calculations  (reference  7)  to  be  about  0.15.  2  is  the 

distance  in  cm.  between  the  center  of  baffle  C  and  the 
counter  aperture. 

Pig  5  shows  the  results  obtained  using  a  counter  with 
a  2.7  cm.  diameter  aperture,  which  was  the  largest  counter 
aperture  available.  The  half -width  of  the  spectral  line  is 
plotted  as  a  function  of  the  maximum,  counting  rate  at  the 
peak  of  the  line  ^ape  .curve.  The  intensity  is  plotted  on  an 
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FOCUSING  CURRENT  (AMPERES) 


Fig.  4— Elng  baffle  alignment  teat.  Peaks  at  the  left  were 
taken  before  centering  the  baffle  and  peaks  at  the  right 
were  taken  after  centering  the  baffle.  The  open  sector  is 
indicated  for  each  peak  by  the  letters  R,  S,  E,  and  W.  The 
amount  by  which  the  baffle  is  estimated  to  be  off  center  is 
indicated  by  the  numbers  beside  each  pair  of  peaks. 
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Fig.  5*‘-Ti*an8nil88ion-re80lution  relation  as  a  function  of 
solid  angle  and  ring"  width.  The  point  A  represents  an  axial 
focusing  case. 


0.59%  A 
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arbitrary  scale,  and  Includes  corrections  for  source  decay 
and,  for  the  relative  strengths  of  the  several  ThB  sources 
used.  For  each  curve  in  Pig.  5  the  intensity  is  varied  by 
varying  the  ring  width  R.  Each  curve  is  for  a  different 
solid  angle  measured,  in  per  cent  of  .  It  is  seen 
from.  Pig.  5  that  for  a  given  half -width  the  maximum,  intensity 
is  obtained,  by  a  proper  choice  of  both  -CL  and  R.  Thus  the 
optlm.um.  operating  curve  is  determined  by  the  envelope  of  the 
curves  in  Fig.  5;  and  the  parameters  and  R  are  uniquely 
related,  to  the  desired  half-width  by  this  envelope.  It  is 
seen,  however,  that  the  0.59^  solid  angle  setting  gives 
results  which  differ  very  little  from  the  optlm.um  condi¬ 
tions,  for  half-widths  greater  than  about  1.6^.  Since  for 
half -widths  below  1.6^  a  transmitted  intensity  is  obtained 
Which  is  usually  too  low  to  be  of  interest,  in  practice  it 
is  found  convenient  to  leave  the  solid  angle  baffle  A’  fixed 
and  to  select  the  desired  resolution  by  varying  only  the  ring 
width  R.  It  is  evident  from.  Pig.  5  that  a  larger  solid  angle 
than  0.595^  would  be  expected  to  give  som.ewhat  better  inten¬ 
sity  at  half-widths  of  the  order  of  2^  or  greater.  However, 
since  some  further  modifications  of  the  instrument  would  be 
required  to  achieve  this  Increased  solid  angle,  and  since 
in  any  event  the  lm,proveraent  obtained  would  not  be  expected 
to  be  very  great,  this  has  not  as  yet  been  done. 

Line  shape  curves  using  other  counter  aperture  diameters 
showed  the  same  general  features  as  those  represented  in  Pig  . 
5-  In  each  case  the  solid  angle  setting  of  0.59^  gave  the 
best  intensity  for  a  given  half-width,  except  in  the  region 
of  excessively  low  intensity.  Fig.  6  shows  the  results  for 
different  counter  aperture  diameters.  The  solid  angle 
baffle  A'  is  set  in  each  case  to  give-A-  =  0.59^  and  the 
variable  param.eter  in  each  curve  is  the  ring  width  R. 

As  in  the  previous  curves,  an  optimum,  relation  is 
Indicated  at  the  lower  values  of  Intensity^  that  is,  for  a 
given  resolution,  the  maximum  intensity  is  obtained  by  a 
proper  choice  of  both  ring  width  and  counter  aperture  diam¬ 
eter.  However,  in  the  intensity  region  of  primary  Interest, 
the  2.7  cm.  counter  gives  the  best  results.  Additional 
m.easurem.e.nts  have  shown  that  the  eoiinter  aperture  diameter 
m.ay  be  reduced  slightly  below  this  value  without  appreciable 
effect.  This  indicates,  in  agreement  with  the  calculations 
(reference  7)  that  the  image  of  the  source  form.ed  at  the 
co-unter  position  is  of  the  order  of  2.7  cm.  diameter,  and 
thus  that  the  use  of  a  larger  counter  would  not  give  Improved 
intensity. 


Fig.  6--Tran8mis8ion-resolution  relation  aa  a  function  of 
counter  diameter  and  ring  width. 
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To  determine  the  improvement  effected  by  using  ring 
focusing  rather  than  axial  focusing^  a  photoelectron  source 
of  CodO  T^as  Inserted  into  the  modified  spectrometer 5  and 
the  peak  due  to  the  1.3  Mev  gamma-ray  was  determined.  The 
baffles  were  adjusted  to  give  the  sam.e  half -width  of  2.55^ 
as  had  been  obtained  when  this  same  source  was  measured 
under  axial  focusing  conditions.  After  correcting  for 
source  decay,  the  ratio  of  peak  intensity  of  the  line 
using  ring  focusing  to  that  using  axial  focusing  was  foxmd. 
to  be  2.0.  The  point  A  on  Pig.  5  represents  the  experimen¬ 
tal  point  for  axial  focusing.  It  appears  therefore  that  an 
Improvement  of  the  order  of  a  factor  of  two  in  the  intensity, 
at  a  half  width  of  2.5^,  may  be  obtained  by  using  ring 
focusing  rather  than  axial  focusing  in  a  thin  lens  spectrom¬ 
eter  of  the  type  discussed  here. 

A  question  arises  as  to  the  choice  of  the  source  size 
to  be  used.  It  will  be  expected  in  general  that  in  order 
to  obtain  the  maximum,  intensity  for  a  given  line  half -width, 
there  will  be  an  optim,ura,  source  size  to  be  used,  which  will 
depend  on  the  half -width  desired.  A  simple  analysis,  based 
on  the  ass\jm.ptlo.n  of  vectorial  addition  of  half-widths 
due  to  Independent  effects  (which  is  valid  in  the  case  of 
Gaussian  functions),  indicates  that  the  source  size  of  0.5 
cm,  d.iam.eter  is  approximately  optlm.\Am,  in  the  region  of  2^  to 
3^  half-wldth>  and  that  the  ratio  of  intensity  to  half -width 
is  not  particularly  sensitive  to  small  deviations  from,  the 
optim.um.  value. 


V.  INTENSITY  MEASUREMENTS 
A.  Spectrometer  Efficiency 


It  will  be  of  interest  to  consider  a  quantity  which  m.ay 
be  designated  as  the  efficiency  of  the  spectrometer  and  will 
be  denoted  by  the  symbol  eg.  The  efficiency  will  be  defined, 
as  the  ratio  of  the  counting  rate  observed,  in  the  spectromet- 
ercounter  to  the  rate  of  emission  by  the  source  of  the  par¬ 
ticles.,  or  quanta.  Investigated.  Three  cases  will  be  con¬ 
sidered:  The  detection  of  Internal  conversion  electrons, 

the  detection  of  beta-rays,  and  the  detection  of  gamma-rays 
by  means  of  photoelectric  conversion  in  a  radiator.  In  the 
cases  of  internal  conversion  electrons  and  of  photoelectrons 
due  to  gamma-rays,  where  spectral  peaks  are  to  be  expected, 
the  spectrometer  efficiency  will  be  understood  to  refer  to 
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the  counting  rate  at  the  peak  of  the  spectral  line.  In 
the  case  of  beta-rays,  where  no  such  spectral  line  appears, 
the  efficiency  will  refer  to  any  arbitrarily  selected,  por¬ 
tion  of  the  spectrum.,  and  will  thus  be  a  function  of  the 
focusing  current . 

The  following  considerations  will  apply  In  each  of  these 
cases.  Consider  a  source  of  monoenergetlc  electrons  of 
momentum,  p.  The  probability  that  one  of  these  electrons  will 
be  focused,  on  the  counter  aperture  will  In  general  depend 
upon  the  momentum  p,  the  focusing  current  I,  the  angle 
of  emission  (defined  as  the  angle  between  the  direction 
of  emission  of  the  electron  and  the  spectrom.eter  axis), 
the  point  on  the  source  at  which  the  electron  originated, 
and  the  angular  momentum,  of  the  electron.  In  order  to 
obtain  an  expression  for  the  spectrometer  efficiency,  the 
following  simplifying  assurapfckns  concerning  the  focusing 
action  of  the  spectrometer  will  be  made. 

It  will  be  assum.ed  that  the  source  Is  sufficiently 
small  that  It  may  be  regarded  as  a  point.  It  will  further- 
m.ore  be  assumed  that  the  baffle  system.  Is  equivalent  to  one 
In  which  electrons  In  a  sm.all  region  of  emission  angles, 
defined  by 

f,< 

are  selected  sufficiently  close  to  the  source  that  the  angles 
selected  are  not  influenced  by  the  magnetic  field  of  the 
spectrometer;  and  It  will  be  assumed  that  with  the  proper 
focusing  current  all  of  these  electrons  are  focused  on  the 
counter.  The  work  of  Keller,  Koenlgsberg  and  Paskln  (7) 
Indicates  that  these  approximations  are  reasonable  for 
the  purpose  of  a  rough  calculation. 

If  these  approximations  are  used,  and  if  It  Is  recalled 
that  for  a  magnetic  field  of  a  given  form,  the  trajectory  of 
an  electron  with  given  Initial  conditions  depends  only  on 
the  ratio  of  momentum,  to  field  strength,  then  the  probability 
tha,t  an  electron  with  an  emission  angle  ^  will  strike  the 
counter  aperture  may  be  written  as; 


F{f  ,p/l)  =  f(  ‘l')T(p/po), 

(1) 

where 

till)  =1 

(2) 

=  0  otherwise. 

and 

T(l)  =  1, 

(3) 
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With  Po  =  KI,  (4) 

where  K  is  a  constant  known  as  the  calibration  constant  of 
the  spectrometer. 

The  function  T(p/pq),  will  be  called  the  transmission 
curve  of  the  spectrometer.  It  is  a  function  of  p  and  I 
which  designates  the  relative  efficiency  with  which  electrons 
of  momentum,  p  are  focused,  when  the  focusing  current  is 
such  that  the  maximum,  counting  efficiency  is  attained  for 
electrons  of  momentum,  Pq.  Pig.  7  shows  the  result  of  an 
experimental  determination  of  the  transmission  curve  of  the 
spectrometer  as  used  in  the  work  described  here.  The  width 
at  half-maxlm,um.  h  is  called  the  half -width  of  the  transmis¬ 
sion  curve,  and  is  commonly  expressed  in  per  cent. 


The  shape  of  the  transmission  curve  may  be  determined 
experimentally  as  follows.  A  source  of  m.onoenergetlc  elec 
trons  of  m.om.entum  p  is  placed  in  the  spectrometer.  The 
counting  rate  is  then  determined  as  a  function  of  I.  The 
counting  rate  to  be  expected  at  any  current  value  I  may  be 
obtained  by  means  of  the  function,  P(  W  ,p/l)s 

IT 


Nc(l)  = 


F(  f  ,p/l)N,f 


if  f  , 


(5) 


where  f  )d  if  represents  the  rate  of  emission  by  the 

source  of  electrons  with  angles  between  and  ip  *  (if  .1 
In  the  case  of  a  very  thin  source  of  monoenergetic  electrons, 
such  as  that  considered  here,  this  function  is  given  by: 


if)df  -  1/2  N  sin  d  , 


where  N 
Eqs.  1, 


is  the  rate  of  disintegration  of  the  source 
2  and  6  are  used,  Eq.  5  beeom.es : 

Nj.(l)  “  ^fif  )T(p/Pq)1/2N  sin  d  ^ 

n/ 


-  1/2  NT(p/po)  j  sin  tj^d 


=  1/2  NT(p/po)  (Pos  f 


COS 


(6) 

If 


%or  the  purpose  of  slm.pllfying  the  terminology,  a 
distribution  functiqn  of  the  form,  N(x)dx  will,  in  the  future, 
be  described  as  "the  number  of  (particles)  in  the  range  x,dx". 
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or  N^(I)  =  <^NT(p/po),  (7) 

where  CAi  £  1/2 (cos  -cos  )  (8) 

Is  the  fractional  solid  angle  over  which  electrons  from 
the  source  are  collected  by  the  counter.  Let  the  current 
corresponding  to  the  maximum,  counting  rate  be  given  by  !_. 
Then  from,  the  definition  of  K, 

P  =  KIo.  (9) 

If  Eqs .  4  and  9  are  substituted  in  Eq.  7>  the  result  is; 

N^(I)  =  nt:(Io/i).  (10) 

For  the  special  case  I  =  Iqj  Eq.  10  becomes; 


Nc(lo)  =  <J^NT(1)  =  OO’N.  (11) 

If  Eq.  10  is  combined  with  Eq.  11,  the  result  is; 

Tdo/I)  =  Nc(l)/N^(l^).  (12) 

Thus  if  the  ratio  N  (l)/N  (Iq)  Is  measured  as  a  function  of 
Iq/Ij  the  value  of  the  function  T  is  obtained.  It  will  be 
observed  from.  Eq.  12  that  the  observed  spectral  line,  N^d) 
resembles  a  reflection  of  the  transmission  curve,  T(l  /I) . 
Thus  values  of  I  less  than  that  of  the  peak  value  Iq  ° 
correspond  to  values  of  the  argument  of  T  greater  than  the 
peak  value  of  unity. 

A  special  case  of  the  above  described  experiment  re¬ 
sults  when  the  momenttim.  of  the  electrons  from,  the  source  is 
known.  In  this  case,  Eq.  9  m^y  be  written 

K  =  p/Iq,  (13) 

and  thus  the  calibration  constant  K  may  be  determined. 


B.  Efficiency  for  Detecting  Inte*rnal  Conversion  Electrons 


The  spectrometer  is  used  to  measure  the  energy  of  in¬ 
ternal  conversion  electrons  by  means  of  the  source  asse.ra.bly 
shown  in  Fig.  8a.  The  radioactive  source  A  is  moiinted,  in 
the  form,  of  a  thin  film.,  on  the  source  holder  B.  Ordinarily 


2k 


(b) 

Fig.  8--Source  assembly  for  the  measurement  of  in¬ 
ternal  conversion  electron  energies. 
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B  Is  a  cylindrical  Incite  shell,  on  the  face  of  which  Is 
mounted  a  thin  plastic  or  a  lumlnum.  foil .  The  source  material 
Is  deposited  on  this  foil.  Monoenergetic  Internal  conver¬ 
sion  electrons  of  raomentum.  p',  originating  In  the  source 
film,  at  a  depth  x,  will  emerge  at  an  angle  y  with  respect 
to  the  spectrometer  axis,  as  shown  In  Fig.  ob.  If  scatter¬ 
ing  of  the  electrons  In  the  film.  Is  neglected,  the  emerging 
electrons  will  have  lost  a  momentiam.  .A  p,  given  by  the 
expression: 


^  dx' 
dx' 


(1^) 


•Where  dp/dx'  represents  the  space  rate  of  m.om.ent'um.  loss  In 
the  source  material. 


The  term,  dp/dx'  may  be  transformed  as  follows: 

dp  _  ^  ^  _  _1  ^ 
dx '  dW  dx '  V  dx ' 

where  v  Is  the  electron  velocity  and  ¥  Is  the 

Thus, 


(15) 


electron  energy 


^  =  ri 

dx '  “v 


(16) 


where  •»y  Is  the  space  rate  of  energy  loss  of  an  electron 
with  momentum,  p.  It  should  be  observed  that  It  Is  not  nec¬ 
essary  to  carry  out  the  transformation,  Eq.  15,  In  order  to 
solve  the  problem,  considered.  However,  since  data  concerning 
the  slowing  of  electrons  In  matter  are  customarily  given  In 
terms  of  energy  loss  rather  than  m.om.entum.  loss,  the  transfor¬ 
mation,  Eq.  15 >  leads  to  results  which  are  more  readily 
adaptable  to  num.erlGal  calculations. 

E(t.  l4  may  now  be  written: 


/^V  = 


cos  ^ 


r 


2_  dx'. 

V 


(17) 


The  momentum,  of  the  emerging  electrons  Is  then: 

1  «x 


'  —  A  p  =  p  '  - 


cos  ^ 


I  ^ 


dx ' . 


p  =  p 


V 


(18) 
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The  use  of  Eq.  l8  Implies  a  unique  relationship  between 
the  ra.om.entum.  of  the  electron  and  its  position  in  the  source 
film.  Such  a  relationship  does  not  actually  exist,  since 
the  loss  of  energy  of  an  electron  in  passing  through  matter 
is  a  statistical  process,  and  may  vary  between  wide  limits 
in  different  cases  under  the  same  conditions.  Thus  to  make 
use  of  the  expression  developed  here,  it  will  be  necessary 
to  use  a  suitable  average  value  for  the  energy  loss  of  an 
electron  as  a  function  of  the  electron  energy  and  of  the 
material  through  which  it  passes.  From.  Eq.  l8,  the  m.om.entum. 
distribution  of  the  electrons  emerging  from,  the  face  of  the 
source  film,  may  be  obtained.  Electrons  originating  at  a 
depth  in  the  range  x,  dx,  with  a  m.om.entum.  p',  will  em,erge 
with  momenta  in  the  range  p,  dp,  where  from,  Eq.  l8, 

dp  =  — — •  dx.  (19) 

cos^^  V 

Now  consider  the  electrons  originating  at  a  depth  in  the 
lange  x,  dx  witfi  iklsslon  angles  In  the  range  ^ ,  d^ 

These  electrons  will  emerge  with  the  distribution 


N^dx  .  1/2  sin  ^  dj^  , 

where  is  the  source  rate  of  emission  of  electrons  per 
unit  source  thickness.  If  Eq.  19  is  used,  the  distribution 
in  m.om.entuim.  and  e.m.isslon  angle  of  the  em.erglng  electrons 
becom.es : 

(P,  i/  )cipdj^  =  N^  cos  *.^p  .  1/2  sln)^  #,(20) 

* 

It  has  been  customary  in  this  laboratory  to  use  the 
average  energy  loss  as  given  by  Heitler  (24).  Hornyak, 
Lauritsen  and  Rasmussen  (25)  have  suggested  that,  since  the 
average  loss  is  appreciably  affected  by  a  relatively  small 
number  of  electrons  suffering  extremely  large  losses,  the 
most  probable  loss  would  be  a  more  reasonable  value  to  employ. 
Work  In  this  laboratory  (reference  26),  however,  has  Indicated, 
that  thp  use  of  the  most  probable  loss  does  not  give  as 
good  agreement  with  experlm.e.nt  as  the  use  of  the  average  loss. 
It  is  possible  that  the  effect  of  scattering,  which  tends  to 
lengthen  the  electron  path  in  a  foil,  may  be  compensated 
for  to  some  extent  by  the  use  of  the  average  loss  rather 
than  of  the  most  probable  loss. 
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where  ^  (p,  ^  )dp  is  the  rate  of  emergence  of 

electrons  with  m.oro.enta  in  the  range  p,  dp  and  emission 
angles  in  the  range  d^  .  The  rate  at  which  these 
electrons  arrive  at  the  counter  is  given  by 


,p/l)  )dp 


If  the  efficiency  with  which  these  electrons  are  coxmted  by 
the  counter  is  designated  by  e(,(p),  the  counting  rate  is 
given  by: 


Nic(l) 


o  Pi 


dp  F(  ,p/l)  Np^^  (p,  5^)ec(p). 

(21) 


The  Integral  over  p  is  to  be  taken  over  all  momenta  repre¬ 
sented  in  the  distribution.  The  upper  limit  pp  is  represent¬ 
ed  by  electrons  emerging  from  zero  depth,  x  »  0,  Thus: 


(22) 


The  lower  limit  Pi  is  represented  by  electrons  emerging 
from,  the  depth  x  *  X,  where  X  is  the  thickness  of  the  source 
film.  From,  Eq.  l8,  p-j^  is  given  by: 

^  cos  ^  J*  \  dx'  =  p«  _  S,  (23) 


where 


1 

V 


dx'. 


(24) 


If  Eqs.  1,  20,  22  and  23  are  used,  Eq.  21  becomes; 


N 


IC 


AP' 

(1)  =  1/2  J  d^  cos^y  dpT(p/po)  ^  edp) . 

p '  -6 


Due  to  Eq.  2,  this  may  be  written: 


Nt.(i)  =  1/2  N. 


A 

J 


sin^  cos 


IC'-^/  ^'X  /  "f  - T  - r  /  yQj  iM 

^  p  <  -6 


p' 


dpT(p/Po)  Tjj  ec(p). 

(25) 
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Since  and  are  ordinarily  both  of  the  order  of  0.1 
radian,  there  will  be  an  error  of  the  order  of  only  1^  if 
cos  ^  is  taken  as  unity.  Then  from  Eq.  24, 


(26) 


If  this  approximation  is  made  in  Eq.  25j  then  the  integral 
over  p  is  Independent  of  and  the  Integrals  may  be  Iterated. 
The  result  is: 


where 

(aJ 


and 


N^(G(i))-a) 

1/2  /  sin  p 

tip  -  1/2 

p' 

G(I)  =  / 

4>-h 

.  (27) 

(cos  ^  -  cos  ^^),  (28) 

e^,(p)  dp.  (29) 


Contributions  to  the  Integral  will  occur  only  for  values 
of  p  where  the  Integrals  all  differ  from,  zero.  The  design 
of  the  spectrometer  is  such  that  T(p/po  )  differs  from, 
zero  only  in  the  region  where  ||  -  p/pQ  I  .05.  This 
corresponds  to  variations  of  p  of  the  order  of  a  few  per 
cent.  Since  v>  ®c  general  change  rapidly 

over  this  range  of  momenta,  the  term. 

V  ec(p) 

may  be  considered  constant; 

V  ec(p)  v(p')  e  (p') 

- .  -  ^  ^  > 

V.  7  (p’) 

if  it  is  understood  that  the  integral  G  is  being  evaluated 
in  the  region  pQ  S  p*.  The  result  of  this  approximation 
is  Indicated  by  the  dotted  rectangle  in  Pig.  9.  It  has 
been  found  exp erlm.en tally  (Pig.  7)  that  the  transmission 
curve  T(p/pq  )  may  be  closely  approximated,  by  an  isoceles 
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Fig.  9 — Momentiim  distribution  and  transmission  curve 
for  the  case  of  internal  conversion  electrons.  The 
dotted  lines  indicate  approximations  used  in  the  evalu¬ 
ation  of  the  spectrometer  efficiency. 
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triangle,  with  half -width  A(£—  )  =  h,  where  h  is  the 
experimentally  determined,  hali-width  of  the  actual  trans¬ 
mission  curve.  The  result  of  this  approximation  is  indicated 
by  the  dotted,  triangles  in  Figs.  7  and  9-  If  these  approxi¬ 
mations  are  .made,  Eqs .  29  and  26  become; 


G(I) 


v(p')  ec(p') 


c 


T(p/Po)dp, 


(30) 


and 


(31) 


Jensen  (3)  has  shown  that,  in  this  case,  the  value  of  I 
corresponding  to  the  maxlm.um.  of  G  is  given  by; 


(p>  -  6/2)  or  Pq  =  p'  -  6/2,  2  hp'  >  8, 

^  (p'  -  or  Pq  =  p'/(l  +  h),  2  hp*  <  6. 


The  corresponding  value,  G^I^),  of  G  is  easily  found,  by 
integrating  the  triangle  t(p/Pq  )  between  p*  -  6  and.  p*. 
The  result  is; 


ado) 


h  p  ‘  V 


1 


0L>  1 

c  1, 


(32) 


where 


2  h  V  p*  2  h  p* 


is  the  ratio  of  the  m.om.entum.  loss  in  the  source,  6,  to  the 
base  of  the  transm.lsslon  curve,  2  h  p*. 

The  counting  rate  at  the  peak  of  the  spectral  line  may 
now  be  written; 


(33) 
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Nicdo)  =  N„  to  G(I^) 


X  •  o 

-  N  to  h  p  '  V 


ot>l 


=  N  to  e^(l  -  «  ),  0(<1. 

2 


(34) 


Since  the  total  source  strength  N  Is  given  by 
N  =  N^X, 
the  efficiency, 

e^(lC)  =  %C^^o^ 


becomes 


egClC)  = 


N 


CO  h  p  '  V  e, 


“  eji  -  I ), 


Ot.  >  1 


1, 


(35) 


where 


oc 


'>1  X 


=  2  h  V  p  ' 


C.  Efficiency  for  Detecting  Beta-Rays 


The  continuous  distribution  of  electrons,  characteristic 
of  beta-decay.  Is  analysed  with  the  same  source  assembly 
described  In  the  case  of  Internal  conversion  electrons.  The 
parent  distribution  of  electrons,  however.  Instead  of  con¬ 
sisting  of  a  group  of  m.onoenergetlc  electrons  of  momentum, 
p'.  Is  characterised  by  a  distribution  function 


n(p')dp 
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where  n(p')  Is  the  rate  at  which  electrons  in  a  unit  momen¬ 
tum  Interval,  centered  about  the  momentum,  p',  are  emitted  by 
the  source.  The  counting  rate,  at  a  given  focusing  current 
I,  Is  obtained  by  integrating  Eq.  27  over  all  m.om.e,nta,  p'. 
The  source  strength  must  In  this  case  be  multiplied  by 
the  factor 

n(p')dp' 

N 


(which  represents  the  fraction  of  the  emitted  electrons  In 
the  momentum,  range  p ' ,  dp ' )  ^  where  N  is  the  total  rate  of 
emission  of  beta-particles.  The  resulting  counting  rate 
Is  then; 


Prom.  Eq.  29,  this  becom.es; 


T(p/Po) 


e^  dp  dp ' . 


(37) 


Since  T(p/p  )  differs  from,  zero  only  for  p  ^  p  ,  this  may 


be  written  approxlm.ately; 
n-(l)  =  ec(p  ) 


00 


P' 


T(p/pQ)dp  dp 

(38) 


S(p  *  ^  Pq)  «  hp  . 


(38a) 


This  case  Is  illustrated  in  Pig.  10.  The  Integral  over  p 
is  approximately  ^•T(p'/pq). 


The  Integral  over  p'  Is  then 
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Fig.  10 — Momentum  distribution  and  transmission 
curve  for  the  case  of  beta  rays. 


Since  n(p')  and  6  are  ordinarily  slowly  varying  functions 
of  p’  compared  to  T(p'/Pq)  (as  long  as  the  upper  energy 
limit  of  the  beta-spectrum.  Is  avoided) ,  these  terms  may  be 
removed,  from,  the  integral.  The  result  Is 


^  ^(Pq) 


I 


00 


T(p'/p^)  dp 


9 


or 


6  n(p  ) 
o 


where  6  Is  to  be  evaluated  for  p • 


If  this  expression  Is  Inserted  In  Eq.  38,  there  results; 


N«(I)  =  (Pj,)  $(p'a<p  )  n(p^)po 

"  7(Po)  ^ 


T(x)dx. 

(39) 


The  term.  6  Is  given  by  Eq.  31; 

7(Po)x 


i(p' p„)  = 


The  terra. 


/ 


v(Po) 


00 


T(x)dx 


Is  simply  the  area  under  the  transmission  curve.  This  m.ay 
be  obtained  by  numerical  integration  of  the  experlm.entally 
transmission  curve,  or,  if  the  triangular  approximation  is 
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used.  It  may  be  taken  as  the  half-width  h.  Eq.  39  becomes: 

N^(I)  =  coe^Cpo)  n(pQ)  p^h.  (40) 


Since  p^  =  KI,  this  may  be  written: 


Thus,  if  the  counter  efficiency  e_  is  independent  of  energy, 
Eq.  4l  shows  that  the  ratio 

N^(I)/I 

is  proportional  to  the  momentum,  distribution  function,  n(p  ). 

o 

Consider  now  the  case  in  which  the  inequality 
C(p'  ag  Pq)  «  Po  is  satisfied,  but  the  Inequality  ^Cp’-ss  p  ) 
«  hPo  Is  not  satisfied.  This  is  the  case  in  which  the  ° 
momentiim.  loss  in  the  source  is  much  less  then  the  focused 
momentum,  p  ,  but  is  not  m.uch  less  than  the  width  of  the 
transra.lssl6n  curve.  Under  these  conditions  it  is  to  be 
expected  that  electrons  which  originate  with  a  m.om.entum.  p ' 
in  the  deeper  layers  of  the  source  and  emerge  with  a 
mom.entxim.  p  '  —  A  p  will  be  partially  com.pensated  for  by 
electrons  which  originate  with  a  momentum,  p '  +  A  p  and 
em.erge  with  a  m.om.ent\im,  p'.*  Thus  for  sources  of  moderate 
thickness  (6  «  p^)  the  observed  counting  rate  will  be 

expected  to  be  approximately  the  same  as  for  thin  souroes 

i*Po^  sam.e  total  activity^  and  Eqs .  40  and  4l 

will  still  apply  in  these  cases.  As  in  the  case  of  the  thin 
source  previously  considered,  these  considerations  will 
not  apply  in  the  immediate  neighborhood  of  the  upper  energy 
limit  of  the  beta-spectrum,. 


Due  to  the  slope  of  the  parent  beta-ray  distribution, 
particles  originating  with  a  momentvim,  p '  +  6  will  differ  in 
abund^ce  from,  those  originating  with  a  momentum,  p '  by  a 
term,  (o/p' )dn(p)/d(ln  p) .  Thus  a  term,  of  this  order  of 
magnitude  is  neglected  in  the  above  discussion. 
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The  counting  rate  In  the  spectrometer,  when  It  Is  focused 
on  a  region  of  a  beta-spectrum,.  Is  thus  given  by  Eq.  40j 

N^(I)  =  CO  o^Cpq)  n(p^^)  p^h,  (40) 

with  the  condition  ^  (p’  Pq)  Pq* 

If  the  efficiency  of  the  spectrometer  is  designated  by: 


N 


then  from.  Eq.  40,  and.  since 


N 


CO 

hCPq)  dpo. 


the  follo^flng  result  is  obtained; 


(42) 


If  a  thin  source  only  is  considered  (0C«  l),  it  is  seen  by 
comparison  with  Eq.  35  that  the  spectrometer  efficiency  is 
reduced  from,  that  for  counting  Internal  conversion  electrons 
by  a  factor; 


hPo  ^(Po^ 


(42a) 


This  is,  of  course,  due  to  the  fact  that  only  a  fraction  of 
the  order  of  h  of  the  beta-particles  are  counted  at  any 
current  setting.  The  reduction  factor  (42a)  may  be  computed 
from,  the  measured  half-width,  h,  of  the  transmission  curve 
and  from,  the  measured  shape  of  the  beta-ray  momenta  distri¬ 
bution. 
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/ 

D.  Efficiency  for  Detecting  Gamma -Rays 


A  common  method  of  gamma-ray  analysis  with  the  spectrom¬ 
eter  Involves  the  use  of  a  source  assembly  such  as  that  shown 
In  Pig.  11.  The  source  material  A  Is  deposited  In  a  con¬ 
tainer  B  of  low  atomic  number.  On  the  face  of  B  Is  attached 
a  radiator  foil  C  of  high  atomic  number.  The  container  B 
Is  made  sufficiently  thick  to  stop  any  electrons  emitted 
by  the  source.  Gajnma-rays  undergo  the  processes  of  Compton 
scattering  and  photoelectric  absorption  In  B  and  In  C.  The 
container  B  Is  constructed  of  a  light  elem.ent  to  minimize 
the  effect  of  photoelectric  absorption,  and  the  radiator  . 

C  Is  ordinarily  a  heavy  element  to  favor  the  photoelectric 
effect.  The  photoelectrons  produced  In  C  will  have  an  energy 


E  =  Ey  —  B.E., 

where  Ey  Is  the  photon  energy  and  B.E.  Is  the  binding 
energy  of  the  emitted  photoelectrons.  By  measuring  the 
energy  E,  It  Is  possible  to  deduce  tbe  gamma-ray  energy  Ey  . 

It  Is  of  Interest  to  determine  the  n\im.ber  of  photo¬ 
electrons  counted  by  the  spectrometer  counter  due  to  a 
source  emitting  N  quanta  of  energy  Ey  per  imlt  time.  Con¬ 
sider  a  quantum,  emitted  at  an  angle  between  0  and  9  and  d6 
with  respect  to  the  spectrometer  axis.  The  number  of  such 
quanta  Is  given  by; 

PjCe)  de  =  1/2  N  sin  6  de  .  (43) 

The  probability  that  this  quantum,  will  dmlt  a  photoelectron 
from,  the  K  shell  of  an  atom,  of  the  radiator,  at  a  depth  x 
In  the  radiator.  Is  given  by; 

P2(x,0)  dx  -  — - -  dx  ,  (44) 

cos  6 

Where  Is  the  absorption  coefficient  of  the  raldator 
for  photoelectron  emission  from,  the  K  shell.  Let  the 
probability  that  this  electron  be  emitted  at  an  angle 
between  0  and  0  *  d0  with  respect  to  the  direction  of  the 
photon  be  designated  by 


P^(/)  d0. 


(44  a) 
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Direction  of 


A 

Fig.  11 — Source  assembly  for  the  measurement  of  gamma -ray  energies. 
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If  scattering  Is  neglected,  the  electron  will  emerge  from 
the  face  of  the  radiator  with  Its  direction  unchanged.  A 
certain  fraction  of  such  electrons  will  emerge  at  an  angle 
with  respect  to  the  spectrometer  axis,  such  that 


%  <  'I'  <  (Mb) 

Let  this  fraction  be  designated  by 

p^(e,  pf, 

The  fraction  of  the  electrons  satisfying  the  condition 
(44b),  which  reach  the  counter  Is  given  by  the  transra.lsslon 
curve  of  the  spectrometer: 


P5(p)  =  T(p/Pq). 


(44d) 


The  fraction  of  these  which  Is  counted  Is  given  by  the 
counter  efficiency: 


PgCp)  =  eQ(p) . 


(^5) 


The  spectrometer  counting  rate  Is  then  given  by  forming  the 
product 


and  Integrating  over  all  of  the  variables.  The  result  Is 
'  y"'*®  V2  N  Bln  ej  dx  J i 


N 


T(£  )e  (p) 
Po  “ 


(46) 


Before  attempting  to  evaluate  the  Integral  It  Is  neces¬ 
sary  to  express  the  variable  p  In  term.s  of  the  other  variables. 
This  Is  done  In  the  same  way  as  In  the  case  of  Internal 
conversion  electrons  discussed  above.  The  result  Is; 


40 


©o 


P'  ^  /t" 

o 


^  cos  e  J  '■"3 

p  '  -S  o 


^  T(p/pQ)eg(p)  dp, 

p '  -S 


(47) 


where 


0 


U)  =  1/2 

e 


/ 


/ 


?r 


tan  0  j  ^2^ 


(48) 


and  0Q  Is  the  angle  subtended  by  the  radiator  at  the  source. 
The  integral  over  p  has  been  evaluated  in  section  V  .B,  and, 
if  the  maximum,  co'untlng  rate  only  is  considered,  is  given  by 
Eq.  32; 


G(I,)  -  ^ 


a  :>  1 


=  e^  X(1  -  0^/2), 


<  1  . 


(49) 


Eq.  47  becomes 


(50) 


or 


N  {!„)  = 


>  ot>  1 


(51) 


NTj^  Ui^  X(l-<^2),  «<  1  , 


where  as  before 


oc 


^  X 


2  h  v  p ' 


(52) 
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The  evaluation  of  the  Integral  CO  will  be  considered 
for  two  limiting  cases .  ® 

Consider  first  the  non-relatlvlstlc  case, 

v/c  <<  1, 

where  v  is  the  velocity  of  the  photoelectron  considered  and 
c  is  the  velocity  of  light.  It  Is  In  this  region  that 
electron  scattering  will  be  of  primary  Importance.  Scatter¬ 
ing  will  tend  to  destroy  the  angular  dependence  of  the 
electrons  on  the  angles  0  and  0.*  Thus  let  It  be  assumed 
that  the  electrons  emerging  from,  the  radiator  have  an 
Isotropic  distribution  in  angle.  The  Integral 
IT 

^2)  ¥ 

o 

is  the  probability  that  an  electron  emerge  from,  the  radlatcr 
with  an  emission  angle  such  that 

t  <  </'  <  . 

Since  It  is  assumed  that  the  angular  distribution  of  the 
em.erging  electrons  Is  Isotropic,  this  term,  is  simply  the 
fractional  solid  angle  subtended  by 

TT 

o 


and  Thus 

OJ. 


The  term 


COq  then  becom.es: 

9 

=  ML  r  '  tan  6  d  0 

^  J 

o 


isL  In  sec  ©  . 
2  o 


(53) 


It  must  also  be  noted  that  scattering  will.  In  this  case, 
have  a  considerable  effect  in  Increasing  the  electron  path 
length,  and  will  thus  give  rise  to  excessive  energy  losses 
In  the  radiator.  This  will  undoubtedly  destroy  the  rectangu¬ 
lar  m.omentum.  distribution  which  Is  being  assumed.  The  results 
In  this  case  will  have  a  qualitative  significance  only. 


The  term  In  sec  0  m.ay  be  determined  from,  the  geometry  of 
the  source  assemb?y  and  is  typically  of  the  order  of  0.75 
to  1.5.  Thus: 


CO  =  a  .  (O  , 

e 

where  a  *  1/2  In  sec  0^  Is  of  the  order  of  0.4  to  0.8. 
Since  this  case  is  one  In  which  scattering  Is  Important, 
and  since  the  effect  of  scattering  has  not  been  taken 
Into  account  In  the  consideration  of  energy  loss  In  the 
radiator,  the  approximation  probably  does  not  Justify 
considering  the  effect  of  the  factor  a.  For  this  case, 
therefore,  a  will  be  taken  as  unity: 


COe  «  ^  . 


(54) 


Consider  next  the  relativistic  case, 

1  1. 

c 


For  this  case  there  Is  a  preponderance  of  photoelectric 
emission  In  the  forward  direction.  The  function  Po(/) 
approaches  the  Dirac  delta  f-unctlon; 

F^(0)  S  6(/,0),  (55) 


where  6(0,0') 


Is  defined  such  that 


F(0)  6(0,0')  d  /  =  F(0'), 


where  F  Is  an  arbitrary  function.  If  Eq.  55  Is  Inserted  in 
Eq.  48,  the  result  Is: 


Ck) 

e 


tan  0  14(0,0,  de.  (56) 


But  from,  the  definition  of  P4, 

14(0,  0,  0f^)  =1,  V;<-e<  ^2 

=  0,  otherwise. 


Eq.  56  thus  becomes 


r 

=  1/2  J  tan  0  d  0, 

I 

and  since  ’fi  and  ^ire  both  of  the  order  of  0.1, 


tan  0  S  sin  0; 


and  thus: 


=  1/2  ^  sin  6  d  0  =  1/2  (cos  -  cos  - 

V5f  ( 

If  Eqs,  5'^  and  57  are  taken  Into  account,  Eq.  51  becomes 


N  Tv  h  p '  V  e^.  CO 


N  eg  X(1  -  0/2)  ,  0t<i, 


with 


Ot  5  ^  X 

2  h  V  p 


and  the  spectrometer  efficiency  for  the  detection  of  the 
gamraa-radlatlon  due  to  photoelectric  conversion  In  the  K 
shell  becomes: 


e.(r)  = 


Tv  h  p'  V  e^  W 


ot  >  1 


=  T^  e^  CO  X(1  —  ®«-/2),  Ot<l. 


A  similar  expression  Is  obtained  for  the  case  of  photo 
electric  conversion  In  the  L  shell,  M  shell,  etc. 
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E .  Summary 

The  Eqs.  35>  42  and  59  xnay  be  rewritten  in  the  follow¬ 
ing  forms ; 

eg(lC)  =  /^ec_7  S(oc)  ,  (60) 

^  Pq  n(po)/N_7  ,  (61) 

es(^)  =  S(ot)  (62) 

The  notation  used  Is  as  follows  ? 

The  term., 

^  -  1/2  (cos  ^  -  cos  ^  ) 

Is  the  fractional  solid  angle  characteristic  of  the  angle 
of  acceptance  of  the  spectroro.eter  for  electrons  of  momentum. 

Po  =  KI. 

This  solid  angle  Is  of  the  order  of  1^. 

The  terra,  e^  Is  the  intrinsic  efficiency  of  the  counter 
for  counting  electrons  of  m.om.entvim.  p  .  In  the  case  of  a 
Geiger  counter,  of  not  too  low  a  pressure.  It  Is  characterized, 
by  a  value  close  to  unity  for  electron  energies  above  a 
critical  energy.  Below  this  energy,  which  Is  typically  of 
the  order  of  25  to  50  Kev,  the  transmission  of  the  counter 
window  decreases  sharply  with  decreasing  energy,  with  a 
corresp'ohdlng  decrease  in  e  . 

In  Eq.  6l,  which  refers  to  the  detection  of  beta-rays, 
n(pQ)  Is  the  rate  of  em.isslon  of  electrons  In  a  unit  m.om.en- 
tum.  Interval  centered  about  the  momentxim.  p^. 

N  Is  the  total  source  strength,  given  by; 

eo 

n(Po)  dPo. 
o 
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In  Eq.  62,  X  Is  the  absorption  coefficient  for  the 
photoelectric  effect  from  the  orbital  shell  under  consider¬ 
ation,  and.  X  Is  the  thickness  of  the  radiator. 

The  term,  ot  Is  defined  by; 


^  -  — 2—2 —  s  2 -  ,  (53) 

2hvp»  2hvpo 

where  X  is  the  thickness  of  the  source  In  the  case  of  inter¬ 
nal  conversion  electrons,  and  of  the  radiator  in  the  case 
of  photoelectrons. 

The  fiuictlon  S(ct)  Is  obtained  from.  Eq.  35  or  Eq.  59, 
and  Is  given  by; 


S(ot)  =  (1  -  ot/2),  0(  <•  1 


=  1/2  Ot 


(64) 

OC>  1  . 


In  each  case  the  efficiency  Is  seen  to  contain  the 
factor  This  factor  is  the  probability  with  which 

electrons  from,  a  monoenergetic  source  are  counted  If  the 
focusing  current  Is  of  such  a  value  as  to  focus  them  most 
efficiently. 

In  the  case  of  Internal  conversion  electrons,  the  factor 
Is  multiplied  by  the  function  S(oC),  which  depends 
upon  the  electron  m.om.entum,,  the  source  thickness,  and  the 
source  material.  This  function  gives  the  effect  of  energy 
loss  in  the  source.  It  Is  seen  to  reduce  to  unity  for 
very  thin  sources. 

In  the  case  of  beta-rays,  the  factor  S((X)  Is  not  In¬ 
volved  In  the  order  of  approximation  used  here.  The  factor 
Ca>  Is  multiplied  by  a  factor  Involving  the  form,  of 
the  beta-spectrum,.  This  factor  gives  the  fraction  of  the 
beta-spectrum,  which  lies  within  the  transmission  curve 
of  the  spectrometer. 

In  the  case  of  photoelectrons  due  to  gamma-rays,  the 
same  factors  are  Involved  as  In  the  case  of  Internal  con¬ 
version  electrons,  with  the  exeptlon  that  the  terms  In  S(ol) 
refer  to  the  radiator  material  and  thickness  rather  than 
those  of  the  source.  In  addition  there  is  a  factor  T  X, 
which  Is  seen  to  be  the  probability  with  which  a  photo- 
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electron  is  produced  by  a  photon  in  passing  through  the 
radiator. 

Due  to  the  fact  that  the  effect  of  electron  scattering  in  the 
source  material  (or  in  the  radiator)  has  been  neglected  through¬ 
out,  it  is  not  suggested  that  the  above  expressions  for  the 
spectrometer  efficiency  will  be  useful  for  accurate  calcula¬ 
tions.  They  do,  however,  furnish  an  order  of  magnitude 
estimate  of  counting  rates  to  be  expected  under  given  con¬ 
ditions.  In  addition  they  serve  to  indicate  many  of  the 
qualitative  features  of  intensity  relations,  such  as  the 
decrease  of  efficiency  for  internal  conversion  electrons 
with  increasing  source  thickness.  Lastly,  these  relations 
furnish  interpolation  formulae  for  the  interpretation  of 
experimental  data.  Thus  if  effective  values  of  OC  in  Eqs. 

60  and  62  are  determined  experimentally  for  various  combina¬ 
tions  of  energy,  source  material  and  source  thickness,  it 
may  be  anticipated  that  these  formulae  will  apply  with  some 
degree  of  rigor. 


VI .  COINCIDENCE  COUNTING 


A.  Introduction 


The  method  of  coincidence  counting  in  the  analysis 
of  nuclear  decay  schemes  has  been  discussed  by  many  authors 
(9~18) .  The  basic  experimental  arrangement  is  customarily 
as  indicated  in  Pig.  12.  A  radioactive  source  is  placed  at 
some  position  such  that  its  radiations  may  impinge  upon  the 
counters  Ct  and  0  .  Particles  which  are  detected  by  these 
counters  give  rls'fe  to  electrical  pulses  which  are  recorded 
by  the  registers  and  Rp.  These  pulses  are  also  trans¬ 
mitted  to  the  colncidence'^circult  R^ .  This  circuit  is  of 
such  a  nature  that  a  pulse  arriving  from  On  at  a  time  t  and. 
a  pulse  arriving  from.  C  at  a  tim.e  t  i  At  will  cause  the 
coincidence  circuit  to  register  if  and.  only  if  At  <  T  , 
where  Xc  is  a  characteristic  of  the  coincidence  circuit 
known  as  the  resolving  time.  By  means  of  this  basic  arrange- 
m.ent  it  is  possible  to  determine  whether  two  particles  are 
era.ltted  within  a  time  TT  ,  implying  a  cascade  transition,  or 
whether  there'  is  no  observable  time  correlation,  lm.plylng  a 
parallel  transition  or  a  metastable  state.  Since  the  resolv¬ 
ing  time  is  custom.arlly  of  the  order  of  10“°  sec.,  and. 

since  the  hal?-llfe  for  allowed  gamma- emission  is  of  the  order 


Fig.  12 — Block  diagram  of  coincidence  counting  system. 
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of  10“^3  sec,,  the  time  between  a.  beta-  or  a  garama- transi¬ 
tion  and  a.  succeeding  allowed  gamma- transit  Ion  Is  always 
much  less  than  /(J^.  When  this  Is  the  case  the  particles 
are  said  to  be  "In  coincidence"  with  each  other. 

It  must  be  observed  that  even  though  there  may  be  no 
particles  In  coincidence  with  each  other,  there  will  still 
be  a  finite  counting  rate  In  the  coincidence  circuit,  due  to 
the  random,  probability  of  an  actuation  of  Cp  and  an  actua¬ 
tion  of  Co  within  the  time  'Cq.  It  can  be  easily  shown 
(Korff  (2o,  p,  145))  that  this  "accidental"  coincidence  rate 
Is  given  by; 

«a  =  2  iTc  Ni  Ng,  (65) 

Where  N  and  N  are  the  counting  rates  In  C-,  and  respec¬ 
tively.^  ^  1  ^ 

Consider  a.  source  which  decays  at  the  rate  of  N  disin¬ 
tegrations  per  unit  time.  Let  each  separate  transition  be 
designated  as  a.  "particle  of  type  1",  where  1  varies  between 
1  and  n,  and  n  is  the  number  of  different  transitions.  Let 
nj_  be  the  number  of  transitions  of  type  1  per  unit  tlm,e . 

Let  aij  be  the  probability  per  transition  that  a  particle  of 
type  1  Is  in  col.ncldence  with  a  particle  of  type  j.  The 
quantities  a.nd  aj_j  are  then  purely  characteristic  of  the 
radioactive  Isotope  Involved,  while  N  Is  both  a  characteristic 
of  the  radioactive  Isotope  and  of  the  quantity  of  m,a.terlal 
present.  Let  Np  be  the  counting  ra,te  in  Cp,  and  let  N2  be 
the  counting  rate  In  C2-  Let  be  the  counting  rate  in  the 
coincidence  circuit  due  to  particles  which  are  a.ctua,lly  in 
coincidence  with  each  other;  let  Ng,  be  the  accidental 
coincidence  rate;  and  let  Nq  be  the  observed  coincidence 
rate.  Let  epp  be  the  efficiency  of  Cp  for  particles  of 
type  1  (where  the  efficiency  of  the  counter  Is  taken  to 
Include  the  solid  angle  factor),  and.  let  e2p  be  sim.lla.rly 
defined  for  Cg* 


No  =  Nc  +  Na. 

(66) 

Np  =  N  n^  e^. , 

(67) 

N2  =  N  n^.  e2j^ 

.  (68) 

% 

Then: 
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~  ^  ^2j''  (69) 

Also,  from  Eq.  65; 

Na  =  2  Ni  Ng 

=  2  n2  r  ni  e^i  ^  n^  e^j.  (70) 


The  problem,  of  determ.ining  the  decay  scheme  of  a  par¬ 
ticular  isotope  consists  in  determining  the  coefficients 
nj^  and  The  coefficients  n^  may,  in  principle,  be 

determlnea  by  means  of  energy  m.easurem,e.nts  in  the  beta-ray 
spectrometer,  and  through  the  use  of  intensity  relations 
such  as  those  discussed  in  section  V.  To  determine  the 
coefficients  aj^j  it  is  necessary  to  resort  to  coincidence 
m.easurements .  This  may  be  done,  in  principle,  by  covintlng 
coincidences  and  varying  the  efficiencies  ei.-  and  eo-t  in 
Eqs.  67-69.  ^ 

It  will  be  of  interest  to  consider  a  particular  example 
of  the  application  of  Eqs.  66-JO.  Consider  the  known  decay 
SGhem.e  (Deutsch,  Elliott  and  Roberts  (29))  of  Co^O  as  indicat¬ 
ed  in  Fig.  13.  A  beta-ray  transition  is  followed  by  two 
gamma-ray  transitions.  All  of  these  processes  occur  in 
cascade  in  a  time  believed  to  be  of  the  order  of  10~^3  sec,, 
so  that  all  three  particles  may  be  said  to  be  in  coincidence. 
From,  Pig,  I3,  if  gamma-ray  No,  1,  is  particle  1,  gamma-ray 
No,  2  is  particle  2,  and  the  beta-ray  is  particle  3,  then 
the  decay  coefficients  nj_  and  aj_j  become; 

rij^  =  n2  =  .n^  =  1, 

^12  ^13  ■  ^23  ^ 

Suppose  that  Ct  Is  a  gamma-counter  which  will  coimt  gamma- 1 
and  garama-2  with  an  efflclence  By  .  Since  the  energies  of 
gamm.a-1  and  gamma-2  are  nearly  equal,  and  since  the 
efficiency  of  a  Geiger  counter  varies  m.ore  or  less  linearly 
with  energy  (Von  Droste  (30)),  e^^j  and  ei2  will  be  approxi¬ 
mately  equal.  Let  C2^he  a  beta-counter  which  will  count 
the  beta-rays  from.  C06O  with  an  efficiency  e^ ,  and  will 
count  gamma-rays  with  an  efficiency  ae^ ,  where  a«  1.  Then: 

e^j^  -  ej_2  “  »  ®13  ” 

3*0^5  ^  ^23  ""  * 


®21  ’  ®22 


(71) 

(72) 
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Eqs .  67-69  then  become; 

Ni  =  2  N  e^  ,  (73) 

N2  -  N(2ae^  +  e^j  )  ^  N  ,  (7"^) 

Nc  =  N(2  ep  ^  4  ae^  ey.)S2  N  e^ .  (75) 

From.  Eqs.  73-75  it  is  possible  to  determine  the  three 
quantities  N,  e..  and  e*  from,  measured  values  of  Ni ,  N2 
and  Ng.  Thus;  ' 

N  =  Ni  N2/Ne,  (76) 

ep  =  Nc/N^,  (77) 

ey  =  Ne/2N2.  (78) 

It  is  of  course  necessary  to  know  the  decay  scheme  of  Go^® 
In  order  to  obtain  Eqs.  73-75.  It  is  possible^  however^ 
to  determine  simple  decay  schemes  such  as  that  of  Co^O  by 
ro.eans  of  a  qualitative  study  of  coincidence  measurements 
such  as  the  one  described  here.*  Then,  having  determ.lned 
the  counter  efficiencies,  more  complicated  decay  schem.es 
ra.ay  be  studied. 


B.  Statistical  Considerations 


Since  in  practice  the  rate  at  which  coincidences  are 
recorded,  is  very  low,  it  is  of  great  lm.portance  to  consider 
the  effect  of  statistical  fluctuations  on  the  results  obtained 
The  true  coincidence  rate**  may  be  deduced  from,  the  observed, 
coincidence  rate  by  means  of  Eqs.  66  and  70.  If  'C’  is 
determined  experimentally,  then  the  accidental  coinSldence 
rate  ro.ay  be  deduced  from.  EQ.  70*  Ordinarily  the  quantity 
TJ,  is  also  calculated  by  m.eans  of  Eq.  70-  The  counters. 


See,  for  exajnple,  the  series  of  articles  by  Roberts 
and  others  (II-I6). 

The  term,  "true  coincidence  rate"  is  custom.arlly  em.- 
ployed  to  designate  coincidences  due  to  particles  which  are 
actually  emitted  in  cascade,  as  opposed  to  the  accidental 
coincidence  rate. 
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Cj  and  C2J  are  actuated  by  separate  sources  and  the  three 
counting  rates  N*]_  and  N*2  determined,  where  the 

primes  are  used  to  Indicate  that  these  quantities  refer 
to  a  resolving  time  determination.  Since  In  this  case 
there  are  no  true  coincidences. 


and  thus 

N'o 

X  =  -  .  (79) 

""  2N»^  N'2 

Having  .determ,lned  X^  by  means  of  this  experiment,  the 
term,  Ng^  Is  calculated  for  the  coincidence  measurement  In 
question.  Then,  from  Eq.  66,  the  true  coincidence  rate 
Is  given  by 

Nc  =  -  N^, 

or,  using  Eq.  "JO,  this  becomes; 

N<.  =  -  2  Ng.  .  (80) 


It  Is  evident  from,  Eq.  80  that  the  true  coincidence  rate  Is 
determined  from,  the  measured  quantities  'C  ,  N and 

No.  The  standard  deviation  In  N  Is  then  given  fiy  (Worthing 
and  Geffner  (3I,  p.  208) ) ;  ^ 


If  Eq.  80  Is  used,  Eq.  8l  may  be  written 


In  the  form,; 


<j2(n^)  =  <j2(n^) 

+  (2  Zq  NiN2)^ 


r  <^{Zo)  <^(Ni)  0^(N2) 

L  "  N^^  "  n22 


(82) 
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In  a  similar  way  the  standard  deviation  in  nC  may  be 
found  to  be  §tven  by;  ° 

N'o  f  rq^(N'o)  ^  g^(N'g)  1 

2N‘iN'2j  I  Nq'2  N^«2  J 

(83) 

The  standard  deviation  in  any  measured  counting  rate, 
due  to  random,  events,  is  given  by  (Rutherford,  Chadwick  and 
Ellis  (32,  p*  168)); 

<r(N^)  =  ^ 


where  N.  is  the  counting  rate  concerned  and  tj^  is  the  time 
of  counting.  Since  radioactive  decay  is  such  a  process; 
it  is  seen  that  in  any  particular  measurement  of  a  counting 
rate  due  to  a  radioactive  source,  the  fractional  standard 
deviation. 


>  (85) 

and  is  thus  inversely  proportional  to  the  square  root  of 
the  counting  rate.  If  this  fact  is  used,  together  with 
the  fact  that  in  any  coincidence  m,easurem.ent  with  counters 
of  ordinary  efficiency,  which  is  much  less  than  unity,  the 
coincidence  rate  is  much  less  than  the  individual  counting 
rates  and  Ngj  then  it  is  seen  that  the  only  important 

terms  in  Eqs.  o2  and  83  are  the  terms  Involving 

O^(N^)  and  <r^(N'^) . 

These  equations  may  thus  be  written  to  a  good  approximation 


<t(n^) 


is  given  by 

O-  (Ni) 


T,)  =  f 
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<s2(  r,)  = 


+  (2 

g^(N'p) 

(2  N'^  N'2)^ 


<^i  To) 


(86) 

(87) 


Two  general  procedures  for  determining  'Zq 
mentioned.  The  customary  procedure  Is  to  carry  out  a  deter¬ 
mination  before  and  after  the  measurement  of  thue  coincidences, 
by  means  of  the  method  outlined  above.  Very  often  the 
separate  sources  used  to  actuate  the  counters  Ci_  and  Cp  are 
of  such,  a  strength  that  the  counting  rates  N',  and  N'2‘^are 
high,  resulting  In  a  small  error  0‘(  Tq)  •  A,n  alternative 
procedure  Is  the  continuous  determination  of  by 

alternating  measurements  of  N’^  with  measurements  of  N^. 
Furthermore,  the  separate  sources  used  In  the  determination 
of  NJ  may  be  adjusted  to  such  a  strength  that  N’  N 

and  Ng^NjjJf  this  Is  done,  the  effects  of  any  variation  "^of 
'C  with  time  and  with  counting  rate  are  mlnlm.lzed.  This 
metfiod  must  be  considered  the  m.ost  reliable;  although  the 
tlra.e  required  to  attain  a  given  value  for  the  m.easured 
standard  deviation,  (y(N^),  may  be  considerably  lengthened. 

In  the  work  to  be  discussed  below,  the  accidental  coincidence 
rate,  Ng,,  Is  of  the  order  of  the  true  coincidence  rate,  N^; 
and  consequently  any  error  In  the  determ.lnatlo.n  of  T  .m.ay 
Involve  serious  errors  In  the  final  results.  For  thls'^reaso.n 
the  second  method  of  determining  Xq  has  been  employed. 

This  method  will  now  be  discussed  In  greater  detail. 

Consider  a  particular  coincidence  measurement  to  be 
made  with  a  source  of  strength  N,  and  decay  coefficients 
n±  and  From.  Eqs.  66,  69  and  7O; 

Nq  =  aN  ,  (88) 

Na  =  bN^  ,  (89) 

(90) 

=  aN  +  bN^,  (91) 

where 

® 

b  =  2  nj  . 


(92) 

(93) 
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Thus  a  and  b  are  functions  of  the  type  of  source  and  of  the 
experimental  arrangement,  but  not  of  the  source  strength  N, 
or  of  the  time  of  counting.  It  is  of  Interest  to  determine 
the  optimum  source  strength  to  be  selected  and  the  optimum, 
apportlonm,ent  of  counting  time  between  the  deterro.lnatlon 


of  and  of  Let: 

X  =  aN  ,  (94) 

c  =  b/a2.  (95) 

Then  Eqs,  88-90  become; 

Ng  =  X  ,  (96) 

Na  -  c  x^  ,  (97) 

-  X  4  c  x^.  (98) 


The  standard  deviation  In  N„  Is  given  by  Eqs.  86  and  87 


o2(N„)  =  «2(N„)  +  M^Ng)  ^ 

(2N’^N'2)2  ° 

N'  S  N  ,  and  N'  tfN 


and  If  In  the  determination  of 
this  becomes; 

o2(n^)  s?  O^(Nq)  +  «^(N'q), 

If  Eq.  85  is  used,  this  becomes; 

a2(N  )  =  «o  .  «'o 


a 


where  t  and  t  are  the  times  of  counting  and  N'  .  Since 
N'o^  Ng^,  this  becom.es;  '  ° 

Cj2(N  )  =  No  Ng  , 


Prom,  Eqs.  96-98,  this  may  be  written; 


R 


2 


1  -fr  cx  +  _2.  ^ 


2> 


(99) 
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where 


R 


»c 


Is  the  fractional  standard  deviation  In  the  true  coincidence 
rate,  If  the  total  time  of  counting  Is  T,  then  Eq.  99 

may  be  written; 


1  ■»  cx 

toX 


(99a) 


The  apportionment  of  the  total  time  T  between  tQ  and  to  which 
will  give  the  lowest  possible  value  for  R  is  obtained  by 
setting  the  derivative  of  R  with  respect  to  tQ  equal  to  zero. 
This  results  In  the  relation: 


t 


a 


t 


o 


Vi 


(100) 


This  gives  the  relative  aroeunt  of  time  to  be  taken  in  deter¬ 
mining  and  Nq.  It  Is  of  Interest  next  to  determine 

the  proper  source  strength  N  to  be  employed.  This  Is 
equivalent  to  determining  the  proper  value  of  x.  It  Is 
seen  by  inspection  of  Eq.  99a  that  there  Is  no  minlm^im  of  R 
with  respect  to  x.  The  larger  x  Is  made,  the  smaller  will 
R  become.  If  and  Iq  are  eliminated  from.  Eq.  99  by  means 
of  Ecj_.  100,  the  result  is; 

R=£p(y),  (101) 

where 

y  =  cx  =  Ng^/Nc  (102) 

and 


The  value  of  the  function  P(y)  Is  tabulated  in  Table  I  for 
four  points  of  Interest . 
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Table  I 

The  Function  P(y) 


y 

P(y) 

0 

00 

1 

2.42 

2 

2.22 

00 

2.00 

It  is  seen  that  R  is  reduced  by  only  about  20^  or  less  by 
selecting  y  greater  than  unity.  Thus  a  reasonable  value 
for  y  is  given  by  y  1,  or 

Na  =  .  (104) 


Thus  the  statistical  error  in  determining  the  coincidence 
rate  Ng  is  given  by 
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Thus  it  Is  seen  that  the  fractional  error  In  N„  varies 
directly  as  the  square  root  of  'C  inversely  as  the 

square  root  of  the  counter  efficiencies  e^j^  and  e2j.  It 
is  thus  of  Importance  to  maintain  TTg  as  small  as  possible 
without  losing  true  coincidences,  and  to  maintain  the 
counter  efficiencies  as  large  as  possible. 

A  limitation  which  has  not  been  considered  in  the  above 
analysis  is  the  possibility  of  loss  of  coxuits  in  the  in¬ 
dividual  counters  due  to  the  dead  time  of  the  counters.  If 
it  is  desired  to  avoid  excessive  lops  in  the  counters  it  may 
be  necessary  either  to  reduce  the  source  strength  below 
that  given  by  Eq.  104,  or  to  reduce  the  counter  efficiencies 
en  and  e2j  by  decreasing  the  solid  angles.  The  effect  of 
either  of  these  alternatives  may  be  investigated  in  any 
particular  case  by  use  of  Eq.  104.  In  general  it  is  found 
to  be  preferable  to  reduce  the  sovirce  strength  imtil  the 
counting  loss  in  the  individual  counters  is  not  excessive. 

Another  effect  which  has  not  been  treated  above  is  the 
presence  of  backgroimds  due  to  cosmic  radiation  and  stray 
contamination.  The  source  strengths  used  in  the  measure¬ 
ments  to  be  described  are  ordinarily  sufficiently  great  that 
these  effects  are  not  of  Interest  in  the  problems  considered 
above . 


C.  Coincidence  Measurements  with  the  Beta-Ray  Spectrometer 


The  spectrometer  used  in  this  investigation  has  been 
described  by  Jensen  (3)  •  A  schematic  diagram,  of  the  spectrom.- 
eter  is  show.n  in  Pig.  3-  The  spectrometer  counter,  which 
will  be  designated  hereafter  as  Cj,  is  Inserted  into  the 
spectrometer  at  the  end  opposite  to  the  source,  as  shown  in 
Pig.  3-  Imm.edlately  behind  the  source  is  Inserted  the 
secondary  counter  which  will  be  designated  as  C2.  Ct  and 
C2  are  connected  electrically  with  the  coincidence  circuit 
and  individual  registers  as  shown  in  Pig.  12.  The  coincidence 
circuit  used  is  a  modification  of  that  of  Moak  (33) .  Pulses 
from.  Cq  and  Cg  are  Introduced,  into  separate  channels  of  this 
coincidence  circuit,  where  they  are  used,  to  trigger  standard 
square  wave  pulses  of  5  microseconds  duration.  These 
standard  pulses  are  fed.  to  a  Rossi  type  colnclde.nce  stage, 
which  registers  coincidences  on  a  mechanical  register.  In 
addition  they  are  fed  to  separate  output  stages  which  are 
connected,  to  Los  Alamos  type  Mod.  200  scalers*,  which  record. 

Por  a  description  of  these  scalers,  see  the  paper  by 
Gallagher,  Hlglnbotham.  and.  Sands  (34). 
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the  individual  coimtlng  rates  in  Ci  and  Cp.  The  coincidence 
resolving  time  'C^  may  be  varied  in  six  steps  from  0.5 
microseconds  to  3  microseconds.  A  comparison  of  observed 
coincidence  rates  at  different  setting  of  'C  ,  with  the 
Geiger  counters  used  in  the  experiments  described  below. 
Indicated  that  coincidences  began  to  be  lost,  due  to  lags  in 
the  time  of  firing  of  the  counters,  at  resolving  tiroes  less 
than  one  microsecond.  For  this  reason,  no  resolving  time 
less  than  one  microsecond  was  used  in  any  of  the  experiment 
described  below. 

When  coincidences  were  to  be  counted  in  the  spectrometer, 
the  source  was  mounted  on  a  thin  film,  of  alum.lnum.  or  m.lca  . 
which  was  in  turn  m.ounted  on  a  Incite  wafer.  This  wafer  was 
then  attached  to  the  2  inch  diameter  brass  source  tube  which 
fits  into  the  source  end  of  the  spectrom.eter .  tube .  Co  was 
then  Inserted  into  this  tube  behind  the  source.  In  the  case 
where  Cg  was  a  gafflm,a“Counter,  the  source  tube  was  sealed  p 
behind  the  source  with  a  10  mil  phosphor  bronze  (0.241  g./cm,^) 
foil,  so  that  the  gamma-counter  could  be  removed  without 
destroying  the  vacuum,  in  the  spectrometer  tube.  In  the  case 
where  C2  was  a  beta-coxmter,  such  a  foil  was  not  permissible, 
and  it  was  necessary  to  provide  the  beta-counter  with  a 
vacuum,  seal  to  prevent  leakage  of  air  between  the  outer  wall 
of  the  counter  and  the  inner  wall  of  the  source  tube.  In 
Pig.  l4  are  shown  schem.atlc  diagrams  of  the  beta-  and  gamm.a- 
counter  assemblies. 

The  gamma-counter  was  made  from,  a  copper  cylinder,  the 
interior  of  which  was  1.5  Inches  in  diameter  and  6  inches  in 
le.ngth.  Within  this  cylinder  was  Inserted  a  lining  of  80- 
m,esh  platlnxim.  gauze  which  covered  the  wall  and  the  face  of 
the  counter  nearest  to  the  source.  The  gamma-counter  with 
the  gauze  lining  was  found  to  have  an  efficiency  1.4  times 
as  great  at  1.25  Mev  as  a  slra.ilar  counter  without  the  gauze, 
and  4,2  tlro.es  as  great  at  0.4  Mev.  The  counter  was  provided 
with  a,  2  mil  brass  (0.0422  g/cm.2)  window.  The  beta-counter 
was  a  commercial  end-window  counter  with  a  steel  wall  and  a 
2.5  m.g/cm.'^  ra.lca  window.  This  counter  was  mounted  within 
an  aluminum,  cylinder  with  dimensions  similar  to  those  of 
the  gamroa-coimter .  The  gamma-counter  subtended  a  solid 
angle  at  the  source  of  10^,  and  the  beta-coxinter  stlbhended 
a  solid  angle  of  2^, 

It  will  be  of  Interest  to  make  som.e  rough  calculations 
to  determine  the  feasibility  of  making  coincidence  measure¬ 
ments  in  the  spectrometer  with  the  arrangement  described 
here . 
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Fig.  -Gamma -counter  and  beta-counter  assemblies  for 

coincidence  measurements  in  the  spectrometer* 
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Consider  first  a  coincidence  measurement  in  which  two 
gamma-rays  are  in  cascade.  Let  one  of  these  gamma-rays 
be  completely  converted  in  the  K  shell,  and  let  the  other  be 
converted  only  to  a  negligible  degree.  Let  the  focusing 
current  of  the  spectrometer  be  adjusted  to  focus  the  con¬ 


version  electrons.  Thens 

Ni  =  N  eg,  (107) 

.  N2  -  N  e^  .  (108) 

Nc  =  N  eg  By  ,  (109) 

%  =  2  Ng  =  2  -Tg  eg  e^  N^.  (llO) 


Since  is  to  be  as  low  as  possible  without  losing  true 

coincidences,  it' may  be  taken  as  10"°  sec.  The  efficiency 
of  a  Geiger  counter  for  gamma -radiation,  including  the 
effectoOf  a  10^  solid  angle,  may  be  taken  as  of  the  order 
of  10  (Von  Droste  (30)).  The  efficiency  of  the  spectrom¬ 
eter  for  Internal  conversion  electrons  is  obtained  from. 

Eq.  6O; 

eg  =  a>egS(oi). 

If  the  source  is  sufficiently  thin,  and  the  electron  energy 
sufficiently  high,  then  S(ot.)  and  e^,  may  be  taken  as  unity. 
Since  to  is  of  the  order  of  1^, 

Eg  ^  10-2. 

In  order  to  minimize  the  statistical  error  it  is  desirable 
to  choose  a  source  strength  such  that  ^  N  (Eq.  104) , 

If  this  is  done,  and  if  the  proper  apportlonm,ent  of  counting 
times,  as  given  by  Eq.  100,  is  used  then  from.  Eq.  105; 

=  2.42  -x/-  .  (Ill) 

Nq  ^  a2T 

Com.parl.ng  Eqs.  109  and  110  with  EqS .  88  and  89,  it  is  seen 
that: 

-5 

a  =  eg  e^  =  10 

b  -  2  ®s  =  2  X  10“^^  _ 
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Inserting  these  values  in  Eq.  Ill  leads  to  the  result; 


"o 


1 

l/T(sec . ) 


(112) 


It  will  thus  take  a  very  short  time  to  attain  a  low  statis¬ 
tical  error,  and  the  experiment  may  be  considered  feasible. 
It  must  be  observed  that  when  the  source  strength  Is  chosen 
such  that  Nq  =  Ng^,  the  coxmtlng  rate  Is  found  to  be  of 
the  order  of  500  covints  per  sec.  With  a  coimter  dead  time 
of  the  order  of  2  x  10“'^  sec.,  this  will  result  in  a  count¬ 
ing  loss  of  10^  In  Cj.  For  this  reason  It  would  be  desirable 
to  choose  a  somewhat  weaker  source  that  that  Implied  by 
Eq.  104. 

As  another  example,  consider  the  case  where  neither  of 
the  gamma-rays  Is  converted.  In  order  to  perform,  a  measure¬ 
ment  In  the  spectrom.eter,  it  will  then  be  necessary  to  use 
a  radiating  foil,  and  coimt  Compton  electrons  or  photo- 
electro.ns  emitted  from,  the  foil  by  the  gamma-ray.  The  - 
efficiency  of  the  spectrometer  in  the  case  of  photoelectrons 
Is  given  by  Eq.  62; 

eg  =  C*>e^  S(a)(  r  X). 

Since  X-X  Is  customarily  of  the  order  of  10“3j  the  term, 
eg  Is  of  the  order  of  10“5.  Replacing  eg  in  the  previous 
case  by  10~5  leads  to  the  result: 

(X13) 

jT  Y  T(sec.) 


For  an  error  In  of  10^,  this  requires  a  counting  tlra.e  of 
28  hours.  Such  an  experlm,ent  m.ust  be  regarded  as  possible, 
but  not  particularly  promising. 

Other  cases  may  be  treated  In  a  slm,llar  manner  and 
need  not  be  discussed  here. 


D.  Determ.l.natlon  of  Counter  Efficiencies 


As  the  first  exam.ple  of  a  coincidence  m.easurem.ent  In 
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the  spectrometer,  the  determination  of  the  spectrometer 
solid  angle  CO  ,  and  of  the  gamma-counter  efficiency  at 
li25  Mev  will  be  discussed.  A  thin  source  of  Co60  vfas 
Inserted  in  the  source  position  of  the  spectrometer.  A 
brass  plug  of  surface  density' 3.97  g/cm.^  was  Inserted  in 
front  of  the  gamma-counter  to  provide  shielding  against 
electrons.  The  counting  rates  to  be  expected  under  these 
conditions  are  deduced  from  the  known  decay  scheme  of  Co®® 
(Pig.  13) s 

%  =  N  63  (p), 

^2  “  ^  Mev)  +  ey(l.3  Mev)_7  } 

N,  =  N  ^^(1.1  Mev)  +  e^(l.3  Mev)_7  • 


(11^) 

(115) 

(116) 


The  term.  eg(p)  is  given  by  Eq.  6I; 

,  ,  ec(Po)  h  Po  n  (po) 

®s(p)  = 


5  «>A, 


/n  (p, 


)  <J  P, 


where 


A  = 


ec(Po)  h  Pq  n  (p^) 

, 

n(Po)  d 


The  factor  A  was  evaluated  by  measuring  the  spectrom¬ 
eter  transmission  curve  and  the  calibration  constant  K, 
using  the  ThB  -  P  linei  and  the  shape  of  the  beta-spectrum 
of  CoOU^  extrapolating  below  the  low  energy  cutoff  of  the 
spectrometer  counter  by  means  of  the  theoretical  Fermi 
distribution  as  given  by  Pelster  (35) .  The  result  was 

A  =  0.0485. 

The  half-width  of  the  spectrometer  transmission  curve  was 
found  to  be 


h  =  0,049. 
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Since  the  efficiency  of  a  Geiger  counter  for  detecting 
gamma -radiation  Is  a  slowly  varying  function  of  energy, 

Eqs.  114-116  may  be  written  approximately; 

Nj  =  N  A  CO  =  0.0485  Nco  , 

“  2  N  ey  (1,25  Mev), 

N  =  2NAa>e^(l.25  Mev) 

=  .096  N  00  Oy.  (1,25  Mev). 

The  measured  values,  after  correcting  for  accidental 
coincidences  and  backgrounds,  were*; 

=  531  counts  per  min, 

N2  ”  4649  counts  per  min, 

Ng  =  0.815  !!  0.079  counts  per  min. 

From,  these  relations,  and  Eqs.  114-116,  there  results; 

e^(l.25  Mev)  =  (O.767  1  0.074)  x  10"3^ 

=  (0.362  +  0.035)  X  10'^, 

.  N  =  (3.03  1  0.29)  X  10^  dls.  per  rain, 
~  1.38  1  0.13  mlcrocurles . 


A  repetition  of  this  experiment  led  to  the  results; 

e^(l,25  Mev)  =  (0.688  i  O.O69)  x  10-3, 

(J^  =  (0.340  1  0.034)  X  10“^, 

N  -  1.52  1  0.15  mlcrocurles. 

When  these  values  are  averaged,  there  results  for  the 
efficiency  of  the  gara,m.a- counter  at  1.25  Mev,  and  for  the 
efficiency  of  the  spectrom.eter  for  m.onoenergetlc  electrons: 

ey  =  (0.728  ±  0.051)  X  10“3, 

CO  =  (0.351  +  0.024)  X  10-2. 


Errors  (±)  given  In  this  paper  will  refer  to  standard 
deviation. 
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This  value  for  e~g  ^  applies  only  when  the  gamma-counter 
Is  used  with  the  3.97  g/cm.2  brass  plug.  It  will  be  of  more 
general  interest  to  Correct  this  value  to  refer  to  the 
extrapolated  efficiency  with  no  absorbing  material  between 
the  source  and  the  interior  of  the  gamma-counter.  It  will 
thus  be  necessary  to  correct  for  absorption  in  the  brass 
plug,  in  the  brass  counter  window,  and  in  the  phosphor 
bronze  foil  attached  to  the  end  of  the  source  holder.  The 
absorption  coefficient  of  brass  is  taken  to  be  the  same  as 
that  of  copper.  The  absorption  coefficient  of  phosphor 
bronze  is  taken  to  be  that  of  a  mixture  of  80^  copper  and 
20^  tin  (Handbook  of  Chemistry  and  Physics  (36,  p.  1201)). 
Absorption  coefficients  are  taken  from,  data  of  Heitler 
(24,  p.  160),  Hulme  and  others  (37) ^  and  Compton  and 
Allison  (38,  p.  8OO-806) .  When  this  correction  is  made,  the 
result  for  the  extrapolated  efficiency  of  the  gamma -counter 
is 


ey°(l.25  Mev)  =  (0.90  ±  0,06)  x  10~3  , 
where  the  superscript  (  )  refers  to  the  extrapolated  efficiency. 

Since  the  efficiency  of  a  gamm.a -counter  is  in  general 
a  function  of  energy,  it  is  necessary  to  determine  the 
efficiency  for  several  energy  values  in  order  to  have  a  use¬ 
ful  method  of  Interpreting  data.  The  efficiency  of  the 
gamma-counter  at  two  other  points  may  be  obtained  by  m.eans 
of  a  coincidence  m.easurem.ent  using  ThB, 

The  transition  ThB  ->  ThC  has  recently  been  studied  by 
Martin  and  Richardson  (39) ^  and  by  Feather,  Kyles  and  Pringle 
(19).  The  decay  scheme  is  indicated  in  Pig.  15.  Prom,  the 
data  of  these  authors,  the  number  of  Internal  conversion  K 
electrons  per  disintegration  (®C)  corresponding  to  the 
gamma -ray  may  be  determined.  ^ 

Prom,  the  data  of  Martin  and  Richardson  (39) s 
=  0-332. 

Prom,  the  data  of  Feather,  Kyles  and  Pringle  (19)  s 

=  0.228. 

The  average  of  these  two  values  is; 


K  -  0.31. 
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If  the  number  of^L-converted  electrons  per  disintegra¬ 
tion  («t)  is  given  by  ; 


ii 

115 


and  if 
garama 


etc.  are  neglected, 
-quanta  per  disintegration  is  gl 


=  0.0>, 


then  the  number  of 
given  by 


y=  0.88  -  (0.31  +  0.04)  =  0.53. 


The  electron  spectrum  of  ThB  is  such  that  in  the  vicinity  of 
the  K  conversion  line  (ThB  -  P  line)  the  only  significant 
contribution  of  the  beta-spectrum,  is  due  to  ^2^  which  is 
in  coincidence  with  the  gamm,a-ray.  Now  let  the  spectrom.eter 
be  set  to  focus  electrons  due  to  the  ThB  -  P  line,  which  is 
superimposed  on  the  spectrxiro.  of  32-  The  spectrom.eter  count¬ 
ing  rate  will  be  given  by; 

Nj  =  0.31  N  eg  +  0.88  A  N  CO  . 

There  will  be  coincidences  between  the  Internal  conversion 
electrons  of  the  P  line  and.  their  associate  0.090  Mev  X-rays, 
between  the  beta-rays  and  these  X-rays,  and  between  the 
beta-rays  and  the  O.238  Mev  gamma-rays.  The  resulting 
coincidence  rate  is  then  given  byi 


Nq  =  0.31  NwPe^ (0.090  Mev)  +  NA<^.31  Pey(0.090  Mev)  +0.53 

eY(0.238  Mev) 

where  CO  is  used  for  e  (ic)  since  the  source  is  very  thin, 
arid  where  P  is  the  fluorescence  yield  for  the  ThC-X-rays. 

Now  let  the  spectrometer  focusing  current  be  decreased 
sllghly,  so  that  the  P  line  is  no  longer  focused.  Then  the 
counting  rates  become; 

=  0.88  A  N  00  , 

Ng'  =  A  N  ijj/U. 53  (O.238  Mev) 

+  0.31  P  e.^  (0.090  Mev)  J  . 


* 

Por  information  concerning  conversion  coefficients  in 
the  naturally  radioactive  elements,  see  Rasettl  (40,  p.  134). 
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Thus; 


N,  - 


N 


Ni- 


P  e  ^  ( .090  Mev) , 


(117) 


and 


Nc’ 


N 


1 


J 


0.53  6^(0.238  Mev)  +  0.31  p  ey  (0,090  Mev) 


0,88 


(118) 


Prom  Eqs,  117  and  II8,  if  P  Is  known,  the  efficiency 
of  the  gamma  counter  at  0,090  Mev  and  0,238  Mev  may  be 
determined  from,  the  coincidence  experim.ents  described.  Al¬ 
though  the  fluorescence  yield  P  Is  not  known  exactly.  It 
may  be  deduced  to  be  of  the  order  of  0.9>  by  extrapolation 
of  the  known  values  of  P  (Compton  and  Allison  (38,  p,  488)). 
A  coincidence  experiment  such  as  that  described  above  led 
to  the  following  results; 

ey°  (0.090  Mev)  =  (0.55  i  0.10)  x  10'8, 

ey°  (0.238  Mev)  =  (0.85  i  0,15)  X  lO"^, 

where  the  efficiencies  extrapolated  to  zero  thickness  of 
material  between  source  and  counter  Interior  are  given. 
Using  these  values,  together  with  the  previously  determined 
value  at  1.25  Mev,  a  curve  of  e^  as  a  function  of  gamm.a- 

ray  energy  is  plotted  in  Pig.  16.  Also  plotted  In  Pig.  I6, 

Is  a  curve  Indicating  the  variation  of  efficiency  of  a 
platinum,  gamma-counter  as  calculated  by  the  method  of  Von 
Droste  (30) .  The  calculated  efficiency  curve  is  normalized 
arbitrarily,  since  the  effective  solid  angle  subtended  by 
the  counter  Is  not  known. 


-1  O  1 

E.  Decay  Schem.e  of  Hf^ 


The  46  day  activity  due  to  Hf  has  been  studied  by 
many  investigators  (41-50,  52) .  The  decay  scheme  most 
generally  accepted  until  recently  was  that  originally  pro¬ 
posed  by  Chu  and  Wledenbeck  (4l)  and  Indicated  In  Pig.  17 • 
It  has  recently  been  suggested  by  Deutsch  and  Hedgran  (52) 
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that  this  decay  scheme  cannot  be  correct,  since  these 
authors  find  the  transition  corresponding  to  to  be 
associated  with  a  longer -lived  activity  than  Hfl°l,  It 
will  be  the  purpose  of  the  investigation  described  here  to 
use^the  coincidence  method  to  analyze  the  decay  scheme  of 


Analysis  of  the  coincidence  data  assuming  the  decay 
Scheme' of  Chu  and  WledenbecFi  Let  it  be'  assumed  first 
that  the  decay  scheme  of  Chu  and  Wledenbeck  is  correct, 
with  the  exception  of  possible  rearrangements  of  the  order 
of  the  various  transitions. 

In  Table  II  are  given  the  conversion  probabilities  of 
Internal  conversion  electrons  due  to  the  various  gamma-rays. 
These  probabilities  designated  by  .«1K'  ,  etc.  are 

the  values  measured  by  Chu  and  Wledenbeck  t^l)  and  are 
defined  as  the  number  of  electrons  per  decaying  atoms  of 
Hf 101 . 


Table  II 

HflSl  Conversion  Probabilities 


Line 

Conversion  Prob. 

Line 

Conversion  Prob 

0.56 

0.019 

0.22 

0.0053 

®^1L 

^2L 

0.425 

0(4k 

0.021 

^IM 

«2M 

0.089 

0t4L 

0.0071 

In  addition  to  the  conversion  probabilities  listed  in 
Table  II,  Chu  and  Wldenbeck  (4l)  have  measured  the  ratio  of 
gamma-ray  intensities  of  Yo  and  by  two  methods.  Using 
a  lead  radiator  in  a  beta-ray  spectrometer,  they  obtained 
both  Compton  distributions  and  photoelectron  peaks .  Com¬ 
parison  of  the  Compton  distributions  gives  a  ratio  of 
intensities  of  7%  to  K  of  Is 2.  Comparison  of  the  photo¬ 
electron  peaks  gives  a  ratio  of  1;2.8.  For  the  purpose 
of  the  present  investigation,  the  average  of  these  two 
values  will  be  used.  The  result  for  the  ratio  of  the 
quantum  intensities  of  is  then  0.428. 
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From  the  above  information,  it  is  possible  to  deduce 
the  relative  number  of  each  type  of  transition  within 
fairly  narrow  limits.  Let  represent  the  nirraber  of 
quanta  of  type  i  per  decaying  atom,  of  and  let 

represent  the  total  number  of  transitions  of  type  1  per 
decaying  atom,.  Thus 

Ti  =  ^IL  ^  °1M  *  ’  '  ■  . 


The  following  relations  may  then  be  deduced: 


T^  =  1,  T 

2  ==  T^  =  0,306,  Ti,.  =  0.694 

h  = 

“2L  - 

0C2j^  -  0.074 

t2  - 

®^1L  + 

®^1M  ~  0,4  28 

=  0.282 

Yi^  =  0.666 

*4- 

®^2L  " 

0.425 

ttlM  + 

a2M  = 

0.089  . 

The  only  undetermined  quantities  are  Q^pT,-»  ^IM  ■» 

0^  lyr  and  consequently  and  Yo*  Although  there  is  not 
sufficient  information  available  to  determine  these  quantities 
\mlquely,  it  is  possible  to  obtain  approximate  values  by 
considering  two  limiting  cases; 

Case  I;  The  probability  is  as  large  as  possible. 

There  results; 

■  0.425 
OCiM  =0.009 
Yj^  SO.  006 

Case  II;  The  probability  O^L  i®  large  as  possible. 
There  results; 


0(2M  =  o.o8 
Y2  SO. 006 
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=  0.086 


Vg  =  0  . 


These'  two  extreme  cases  do  not  lead  to  very  different 
results  when  used  to  predict  the  data  to  be  expected  from, 
spectrometer  coincidence  m.easurements .  For  the  purpose 
of  the  present  Investigation,  Case  I  will  be  assumed.  The 
decay  scheme  Indicated  in  Fig.  l8  results  from.  Case  I. 

The  results  of  the  first  set  of  coincidence  measure¬ 
ments  are  indicated  in  Table  III.  These  m.easurera.ents  were 
made  with  the  spectrometer  operating  at  a  half -width  of 
4.9^  and  a  solid  angle  Cl>  of  Oo35^.  Due  to  the  thlck- 
.ness  of  the  Hfl^l  source  used,  the  spectrometer  efficiency 
was  reduced  by  a  factor  of  approxlm.ately  3  when  focusing 
on  the  conversion  line  Thus  S(0t)  ^  1/3  (Eq.  64). 

Furthermore  since  a  large  window  (2.2  cm.  dlam.)  counter  was 
used  as  the  spectrom.eter  counter,  and  a  correspondingly 
thick  window  was  required,  the  counter  efficiency  e^  was 
considerably  reduced  for  energies  corresponding  to  the 
conversion  line  ^k:  For  this  reason,  no  coincidence 
measurements  were  made  with  the  spectrom.eter  focused  on 
the  line  platinum,  grid  gamma-counter  was  used 

as  Cp.  The  total  thickness  of  material  between  the  source 
and  the  gamma-counter  interior  was  0.241  g/cm.^  of  phosphor 
bro.nze  and  0.0422  g/cm.^  of  brass. 

Column  1  in  Table  III  indicates  the  code  number  of  the 
experiment.  Column  2  indicates  the  part  of  the  Hflol  electron 
spectrum  on  which  the  spectrometer  was  focused.  Column  3 
indicates  the  coincidence  counting  rate,  corrected  for 
coincidences  due  to  the  beta-spectrum,  in  cases  where  the 
spectrometer  was  focused  on  a  conversion  line  superlm.posed 
on  this  spectrum.,  Colum.ns  4  and  5  Indicate  the  ratio  of 
the  coincidence  rate  to  the  counting  rates  in  the  gamma- 
counter  and  in  the  spectrometer  respectively.  The  counting 
rate  in  the  spectrometer,  N-. ,  was  corrected  where  necessary 
for  contributions  due  to  the  beta-spectrum  on— which  a 
focused  conversion  line  was  superimposed.  Column  5  indicates 
the  ratio  Nc/Nn  calculated  on  the  basis  of  the  decay  scheme 
of  Fig.  l8.  These  calculations  were  performed  in  the  same 
manner  as  in  the  determinations  of  counter  efficiency  pre¬ 
viously  discussed.  The  gamma-counter  efficiency,  as 
determined  from.  Fig.  l6,  with  corrections  for  absorption. 


^  0-339 
=  0,089 
=  0.012 
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was  used  In  these  calculations.  Due  to  the  fact  that  the 
ratio  Nc/Ni  does  not  depend  on  the  spectrometer  efficiency 
eg,  it  was- unnecessary  to  evaluate  Cg.  Columns  6  and  7 
indicate  respectively  the  resolving  time  'Cq  and  any  delay 
Introduced  into  either  counting  circuit. 

Consider  first  the  experiments  In  which  the  spectrometer 
was  focused  on  the  conversion  line  It  Is  seen  that 

In  experiment  1  the  agreement  between  the  calculated  and 
observed  ratio  Nq/N^  Is  fairly  good.  In  experiments  5  and 
7,  delayed  coincidences  between  and  the  other  gamma- 

radlatlon  were  sought.  It  is  seen  that  no  such  coincidences 
were  observed.  Since  It  appears  certain  that  the  20 
microsecond  metastable  state  Is  the  Initial  state  of  the 
transition  represented  by  Yp,  the  above  results  rule  out 
the  possibility  that  this  transition  Is  preceded  by 
and  Y]^. 

Further  verification  of  this  Is  furnished  by  the  measure¬ 
ment  In  which  the  spectrometer  was  focused  on  the  beta- 
spectrum,  alone.  Measurements  were  made  both  with  no  delay 
and  with  a  6  microsecond  delay  In  the  spectrometer  counter 
circuit.  The  observed  ratios  were; 

Ng/Ni  =  (0,24  t  0,08)  X  10"3,  no  delay 

=  (0.09  1  0.08)  X  10-3,  with  delay. 

If  the  decay  scheme  of  Pig.  l8  Is  assumed,  the  calculated 
ratios  are; 

Nc/Ni  =  0.10,  no  delay 

=  0.17  with  delay. 

On  the  other  hand.  If  the  metastable  state  Is  preceded  by 
Vo.  T3  and  Yi|.j  then  the  calculated  ratios  are; 

Nc/Nf  ~  1.0,  no  delay 

=  0  ,  with  delay. 

Although  the  observed  coincidence  rate  was  so  low  that  the 
statistics  are  poor,  the  m.easureraents  are  In  better  agree¬ 
ment  with  the  decay  scheme  shown  In  Pig.  I8  than  with  the 
alternative  possibility. 


77 


When  the  spectrometer  was  focused  on  the  conversion 
lines  Otojr  and  Interpretable  results  were  obtained. 

The  resuirs  from,  experimerits  2  and  3  were; 


Nc/Nf  (observed.)  = 
Nc/Ni (calculated) 
Nc/Ni( observed)  - 
N^/N^  (calculated.) 


(0.83  1  0.19)  X  10-3 

=  0.44  X  10"^ 

(0.71  t  0.11)  X  10-3 
=  0,30  X  10"3. 


The  observed,  coincidence  rates  are  higher  than  the  calculated, 
values  by  a  factor  of  2.  No  explanation  of  these  discrep¬ 
ancies  is  known.  Although  results  of  the  observed  order  of 
magnitude  might  be  expected  if  Yo  and.  Y),  were  in  cascade, 
the  relative  intensity  measurements  referred,  to  above  make 
it  difficult  to  imagine  any  decay  scheme  in  which  this 
might  be  the  case.  A  search  for  low.  energy  gamma-radiation 
at  energies  as  low  as  0.01  Mev  led  to  negative  results.  The 
possibility  of  coincidences  due  to  bremsstrahlung  has  been 
considered.  Calculations  based  on  the  bremsstrahlung  cross 
section  given  by  Heltler  (24,  p.  173)  indicated,  that  such 
coincidences  should  be  negligible  compared  to  the  observed 
coincidence  rate.  An  experimental  test  of  this  conclusion 
was  made  by  shielding  the  source  from,  the  gamma-counter 
by  means  of  an  al'um.lnum.  plate  of  sufficient  thickness  to 
stop  all  electrons.  The  coincidence  rate  remained  essentially 
unchanged.  The  effect  of  Internal  bremsstrahlung  (Chang, 
and.  Palkoff  (51))  has  also  been  considered.  A  rough  cal¬ 
culation  of  the  magnitude  of  this  effect  indicated  that  it 
should,  be  negligible.  An  experimental  test  of  this  conclu¬ 
sion  was  attempted,  using  a  Sr90  -  y90  pure  beta-ray  source. 

The  experimental  ratio  Nc/Np  was  found,  to  be  (0.02  1  0.3)  x  10-3. 
This  result,  due  to  the  large  error,  is  .not  conclusive  but 
does  appear  to  indicate  a  low  coincidence  rate. 

The  results  of  an  absorption  measurement  are  shown  in 
Fig.  19.  The  spectrometer  was  focused,  on  the  conversion 
line  and  electron-gam.m.a-ray  coincidences  were  observed, 

as  a  function  of  the  thickness  of  lead,  absorber  between  the 
source  and  the  gamma-counter .  The  ratio  N^/No,  normalized 
to  unity  at  zero  absorber  thickness  is  indicated  in  Pig,  19, 
as  a  function  of  the  absorber  thickness.  Also  indicated  in 
this  figure  are  curves  representing  the  behavior  to  be 
expected  if  is  in  coincidence  with  (a)  both  Yo  and  Yh, 

(b)  Yii  only,  and  (c)  Yo  only.  The  latter  possibility  is 
clearly  ruled  out  by  the  observed  data.  Although  the  data 


/No  (Norm) 
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1  Experimentol  points  with 
T  standard  deviation 


Fig,  19 — ^Electron-gamma  coincidence  absorption  meas¬ 
urement  with  The  curves  a,  b,  and  c  represent 

calculated  absorption  curves. 
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are  not  sufficiently  precise  to  distinguish  definitely' 
between  the  first  two  cases,  the  agreement  with  case  (a)  Is 
somewhat  better  than  with  case  (b) . 

The  results  of  the  next  set  of  coincidence  measurements 
are  Indicated  In  Table  IV.  The  spectrometer  was  again  ad¬ 
justed  for  a  half -width  of  4.9^  and  a  solid  angle  of  0.35^. 

The  end-window  beta-counter  was  used  as  C2.  The  mica  window 
thickness  of  the  counter  and  the  mica  backing  of  the  source 
resulted  In  a  total  thickness  of  mica  of  5  rog/cm."^  between 
the  source  ^d  the  Interior  of  the  beta-counter,  C2.  Column 
1  In  Table  IV  Indicates  the  code  number  of  the  experiment, 
and  column  2  Indicates  the  region  of  the  Hfl°l  electron 
spectrxim.  on  which  the  spectrometer  was  focused.  Column  3 
Indicates  the  observed  coincidence  rate,  and  columns  4  and 
5  Indicate  the  observed  and  calculated  ratios  Nc/Nt *  Both 
Ng  and  were  corrected  for  contributions  due  to  the  beta- 
spectrum.  on  which  the  Internal  conversion  lines  are  super¬ 
imposed,  Column  6  Indicates  the  geometric  solid  angle 
Subtended i'Cg 5  column  7  Indicates  the  resolving  tlm.e  'Cq, 
and  coluinn  o  Indicates  the  thickness  of  any  absorbing  material 
between  the  source  and  the  Interior  of  C2.  Column  9  Indicates 
any  delay  Introduced  Into  either  counter  circuit.  The 
calculated  ratios  N^/Nj  were  computed  In  the  sam.e  way  as 
for  the  case  of  electron-gamro.a-ray  coincidences.  In  this 
case,  however.  It  was  necessary  to  know  the  efficiency  of 
the  beta-counter  In  place  of  that  of  the  gamma-counter  used 
previously.  This  efficiency  was  assumed  to  be  given  by 
the  product  of  the  solid  angle  subtended  at  the  source  and 
of  the  transmission'  of  electrons  In  the  material  between  the 
source  and  the  Interior  of  the  beta-counter,  C2.  The  trans- 
m,lsslon  was  obtained  by  ra.easurlng  the  spectnam.  of  Compton 
electrons  from.  Co°0  In  the  spectrometer,  using  various  thick¬ 
nesses  of  window  material  In  front  of  the  spectrometer 
counter.  The  absorption  correction  curves  obtained  this  way 
are  Indicated  in  Pig,  20.  In  determining  the  efficiency  of 
C2  for  the  beta-speotrum.  It  was  necessary  to  Integrate 
the  product  of  the  theoretical  allowed  beta-spectrup  of 
Hflol  (Pelster  (35))  and  of  the  counter  window  ti’ansra.lsslon 
factor. 

Consider  first  the  coincidence  rates  obtained  when  the 
spectrom.eter  was  focused  on  Instantaneous  coincidences 

In  this  case  were  to  be  expected  with  the  conversion 
electrons  due  to  the  transitions  corresponding  to 

and  delayed  colncidneces  with  the  beta- spectrum. 
Experiments  1  and  2  show  good  agreement  between  observed 
and  calculated  values  using  two  different  absorber  thick¬ 
nesses  between  the  source  and  C2.  Experiments  3j  4  and  5 
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Fig.  20 — Transmission  of  mica  and  aluminum 
films  for  electrons  of  different  momenta. 
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indicate  the  results  of  introducing  delays  into  each  of  the 
counter  circuits.  In  experiment  4,  in  which  a  delay  was 
Introduced  in  the  circuit  of  C2,  coincidences  were  to  be 
expected  between  the  beta-rays,  and  the  conversion  electrons 
represented  by  it  is  seen  that  there  is  good  agree¬ 

ment  between  the  calculated  and  observed  values.  This 
rules  out  the  possibility  that  the  metastable  state  occurs 
after  the  transition  .  This  conclusion  is  also  veiMfled 
by  experiment  5,  which  indicated  no  delayed,  coincidences 
between  and  any  subsequent  transitions. 

In  the  case  where  the  spectrometer  was  focused  on  (Xog-  or 
On  «1.K  it  is  seen  from.  experim.e.nts  6-9  that  the  coincidence 
rates  were  reduced  by  a  large  factor  when  a  21.6  mg/cm^ 
alum,lnum.  absorber  (which  is  of  a  thickness  approximately 
equal  to  the  range  of  the  conversion  electrons  correspond¬ 
ing  to  the  transition  Xi^)  was  Introduced  between  the  source 
and  C2.  This  is  in  agreement  with  the  decay  scheme  of 
Pig.  18,  which  Indicates  that  Xo  and  JTij.  are  in  coinci¬ 
dence  with  ri- 

In  experiments  IO-I3,  the  spectrometer  was  focused  on 
the  beta-spectrum,  alone.  Although  the  errors  are  large, 
an  order  of  magnitude  agreem.ent  with  the  decay  schem.e  of 
Pig.  18  is  indicated  by  these  results. 


eluded  in  this  decay  scheme,  since  they  have^found  the 
relative  intensities  of  X*-  and  fu  to  differ  in  sources 
of  different  age.  A  slight'^ increase  with  tim.e  in  the  ratio 

also  observed  in  the  course  of  the 
present  work.  However,  over  a  period  of  l40  days,  this 
ratio  Increased  by  only  a  factor  of  1.24  whereas  an  Increase 
by  a  factor  of  2  would  be  expected  if  these  peaks  were  due 
to  Hfl75  ajid  Hfl8l  respectively.  Since  the  source  was  of 
a  moderate  thickness  and  was  deposited  som.ewhat  loosely,  it 
is  not  impossible  that  some  change  in  the  observed  ratio 
^3k/ ^4K  could  be  caused  by  mbvement  of  the  source 
deposit  with  a  corresponding  change  in  the  factor  S(0t) 
defined  In  section  V.  E. 

If  it  is  assiimed  that  is  due  to  some  process  such 
as  K  capture  in  Hfl75,  then  a'^ quantitative  analysis  of  the 
coincidence  data  becomes  particularly  difficult  since  the 
unknown  conversion  probabilities  m.ay  no  longer  be  calcu¬ 
lated  on  the  basis  of  the  decay  scheme  of  Pig.  17.  A 


Analysis  of  the  coincidence  data  ass;xm.ing  the  m.odifl 
oatlon"  of  Deutsch  and  Hedgran;  ^Consider  now  the  modlfica 
tlon  of  the  decay  scheme  of  Hf^^^  proposed  by  Deutsch  and 
Hedgran  (52) .  These  authors  suggest  that  Y  is  not  in- 
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qualitative  comparison  may  be  made  between  experimental  and 
calculated  values  by  arbitrarily  assuming  /o  to  have  the 
same  conversion  coefficients  and  relative  intensity  as 
determined  from,  the  data  of  Chu  and  Wiedenbeck.  Calcula¬ 
tions,  may  then  be  n!,ade  for  two  different  cases: 

^  Case  I:  The  beta-  decay  of  Hf^®^  is  followed  by 

•1|.  and  Yp  cascade  „  The  K  capture  process  in  Hf^'^5  is 
followed  by  Yo.  This  assumption  is  not  consistent  with 
the  observed  relative  intensities  of  the  transition  cor¬ 
responding  to  Yp  that  corresponding  to  but  it 

will  be  useful  to  consider  the  results  of  a  coincidence 
m.easurem.ent  to  be  expected  with  a  decay  scheme  of  this 
general  type. 

Case  II;  The  beta-decay  of  Hf^®^  is  followed  by  Y^ 
and  Yij.  in  cascade,  The  K  capture  process  in  Hfl75  is 
followed  by  and  in  cascade. 

The  coincidence  rates  calculated  for  Case  I  and  Case  II 
are  compared  in  Table  V  with  the  experlm.ental  values  and 
the  values  calculated,  on  the  basis  of  Pig.  17.  Column  1 
indicates  the  experiment  code  number,  and  column  2  indicates 
the  spectral  component  on  which  the  spectrometer  was  focused. 
Colum.n  3  indicates  the  observed  ratio  Np/Nn  |  and  columns 
4,  5  and  6  indicate  respectively  the  calculated  ratios 
^c/^1  assuming  the  decay  scheme  of  Chu  and  Wiedenbeck,  the 
decay  scheme  of  Deutsch  and  Hedgran,  Case  I,  and  the  decay 
scheme  of  Deutsch  and.  Hedgran,  Case  II. 

It  is  seen  that  the  gamma-electron  measurements  do  not 
serve  to  distinguish  between  any  of  the  three  alternatives. 
The  gamma-electron  absorption  measurement  (Plg.  19)  is 
also  consistent  with  any  of  these  possibilities.  The 
electron-electron  measurements,  with  some  exceptions,  show 
fair  agreera.ent  between  either  the  decay  scheme  of  Chu  and 
Wiedenbeck  or  Case  I  of  the  decay  scheme  of  Deutsch  and 
Hedgran.  The  electron-electron  experiment  7  in  which  the 
spectrometer  was  focused  on  the  line  shows  too  few 

coincidences  to  agree  with  the  decay  scheme  of  Chu  and 
Wiedenbeck  and  too  m.any  coincidences  to  agree  with  that 
of  Deutsch  and  Hedgran.  The  effect  of  inserting  an  electron 
absorber  between  the  source  and  Cp  indicates  most  of  these 
coincidences  to  be  due  to  soft  electrons,  which  is  qualita¬ 
tively  in  agreem.ent  with  the  decay  scheme  of  Chu  and.  Wieden¬ 
beck. 
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Table  V 

“1  O-j 

Swimary  of  Coincidence  Measurements  with 


Expt.  Spectral  N^/n,  N  /N  N  /N,  N^/N, 

NO.  Component  ^^3  (.""and  W  ^  g(l)  D  and  H(ll) 

X  103  X  103  X  10^  X  103 


Gamma  -  electron  measurements 


1 

«1L 

0.795 
t  o.oSo 

0.88 

0.90 

0.86 

2 

®3K 

0.83 

1  -0 . 19 

0.44 

0.38 

0.52 

3 

*4k 

0.71 
i  0.11 

0.30 

0.34 

0.30 

4 

/S 

0.24 
+  0.08 

0.10 

0.10 

0.10 

5 

“ll 

0.068 
+  0.085 

0 

0 

0 

6 

/8 

0.089 
^  0.079 

0.17 

0.17 

0.16 

7 

«1L 

0 

1  0.07 

0 

.  0 

0 

Electron  -  electron  measurements 


1 

r—j 

4 

2.61 

0.22 

2.34 

1.9 

0.82 

2 

4 

0.63 

0.09 

0.52 

0.39 

0.36 

3 

^IL 

4 

2.38 

0.30 

2.84 

2.41 

1.32 

4 

i-q 

•  4 

1.28 

0.26 

1.25 

1.25 

1.25 

5 

“iL 

4 

0.02 

0.27 

0 

0 

0 
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Table  V  (con'd) 


Expt . 

Spectral 

N<./Nj 

Nc/N. 

“o/"! 

N<,/Ni 

No. 

Component 

obs 

X  103 

C  and  W 

X  103 

D  and  H(l) 

X  103 

D  and  H(i: 

X  103 

6 

^3K 

2.13 

0.56 

8.54 

0.2 

0.7 

7 

■f 

0 

0.4l 

0.41 

0.5 

0.8 

8 

4 

6.4 

0.6 

4.95 

6.1 

4.8 

9 

4 

0.8 

0.3 

0.16 

0.23 

0.15 

10 

P 

0.45 

0.22 

0.34 

0.33 

0.27 

11 

P 

+ 

0.35 

0.15 

0.05 

0.03 

0.03 

12 

•+ 

0.86 

0.32 

0.67 

0.61 

0.51 

13 

P 

4 

0.60 

0.34 

1.12 

1.0 

0.8 

Summary;  It  may  be  concluded  from  the  gamma-electron 
absorption  measurement  that  Y]_  is  In  coincidence  with 
Yi|..  The  gamma-electron  measurements  1,  5  and  7,  in  whi'Sh 
the  spectrometer  was  focused  on  ^IL  delayed  and  non- 
delayed  coincidences  were  sought,  indicates  that  there  are 
no  delayed  coincidences  between  and  any  other  gamma-ray. 

Thus,  since  fi  presumably  originates  in  the  roetastable 
state,  #2  must  precede  i  ij..  The  gamma-electron  measure¬ 
ments  4  and.  6,  In  which  the  spectrometer  was  focused  on 
the  beta-spectrum.,  indicate  that  the  beta-spectrum,  is 
separated  from  Vj  and.  by  the  .m.etastable  state.  The 
electron-electron  measurements  1-5  and  10-13  are  in  reason¬ 
able  agree.m.ent  with  the'se  conclusions.  Thus,  the  part  of 
the  decay  scheme  of  Chu  and  Wiedenbeck  which  involves  the 
beta-spectrum.,  and.  y*  is  verified  by  the  measure¬ 
ments  reported  here.  4 

These  measurements  do  not  serve  to  distinguish  between 
the  complete  decay  scheme  of  Chu  and  Wiedenbeck  and  the 
m.od.lflcatlon  proposed  by  Deutsch  and  Hedgran.  With  a  fewo 
discrepancies,  for  which  no  reasonable  explanation  has  been 
found,  both  the  electron-electron  measurements  and  the 
gamma-electron  measurements  are  in  fair  agreement  with 
either  alternative. 
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